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ABSTRACT 
Miller, Olivia L.  M.S., Purdue University, August 2014. Changes in tundra plant and soil 
organic geochemical composition in response to long-term increased winter precipitation 
in N. Alaska.  Major Professor: Timothy Filley. 
Tundra ecosystem soils store half of the global soil organic carbon (SOC) pool 
and have the potential to release large amounts of greenhouse gases, primarily CH4 and 
CO2.  As climates warm and permafrost thaws, the emissions of these gases as organic 
matter decomposition rates increase may become increasingly important to the chemistry 
of the atmosphere.  Increases in precipitation that accompany warming, may shift tundra 
vegetative composition from moss/graminoid- to shrub-dominated systems.  These 
vegetation shifts may result in important feedback effects as altered plant and litter 
chemistry may affect SOC storage in soils.  Questions investigated include: 1) How does 
snow depth thickness influence plant distribution and the carbon (C) and nitrogen (N) 
primary and secondary chemistry of the dominant plant species, litter, and soil; 2) How 
do the changes in plant chemistry and relative interspecies input impact litter quality; and 
3) Which plant products are preferentially stored versus easily degraded in litter and
surface soils, and what will it ultimately suggest about carbon storage?  Plant chemistries 
were measured in graminoids, moss, shrub leaves, and shrub stems in areas with ambient 
snow depth, and long-term deeper, intermediate and low snow depths which have been 
altered since 1994.  C:N ratios, carbohydrate content, and lignin and phenol content were 
also used to track and relate changes in litter and soil chemistry.  Results include that 
long-term increases in snow (Deep ~ 3 m) resulted in a ~50% increase in graminoid and 
shrub leaf N that was accompanied by a ~30% decrease in soil carbon in the litter (0-2 
cm) and in the organic horizon (4-6 cm) layers. This response was, however, not linear as
xiv 
few statistically significant changes in primary and secondary chemistry in plants or soils 
were observed at intermediate snow depths (~1.5 m) or at reduced snow depths.  Deeper 
snow and the corresponding vegetative shifts in Arctic ecosystems appear to increase soil 
N availability to plants with corresponding decreases soil carbon storage.  Proposed 
mechanisms controlling these changes under deeper snow are increased N input from 
windblown litter and ammonium and nitrate in snow, higher mineralization rates, and 
winter thermal insulation enhancing microbial activity and elevating CO2 emissions and 
C losses.  
1 
CHAPTER 1.  INTRODUCTION AND RESEARCH OBJECTIVES 
1.1.  Global Climate Change Evident in the Arctic 
Global climate trends exhibit an increase in mean global surface temperatures by 
nearly 1 °C over just the last century (IPCC, 2013).  This trend is primarily due to 
anthropogenic release of greenhouse gases (GHGs) by industrialization, fossil fuel 
combustion, and land use changes.  Primary GHGs carbon dioxide (CO2) and methane 
(CH4), which are also emanated from natural sources in decomposition of organic matter, 
show unprecedentedly higher atmospheric concentrations of these gases at preset time 
than for over the last 800,000 years (IPCC, 2013).  The Intergovernmental Panel on 
Climate Change’s Fifth Assessment Report (IPCC, 2013) predicts an additional increase 
of 1.5 °C relative to the 1986-2005 mean global surface temperature in the lowest 
emissions scenario by the end of the 21st century with spatially variable changes in 
precipitation patterns.  In the highest GHG emissions scenario, global surface 
temperatures are projected to increase by an astounding 4°C relative to the 1986-2005 
average by the century’s end (Figure 1.1; IPCC, 2013).  
Arctic regions are projected to see the most dramatic increases in both mean air 
temperatures and annual precipitation (Figure 1.2; Zhuang et al., 2006; IPCC, 2013). 
Over the 20th century, climate records in Fairbanks, Alaska, have indicated an increase in 
mean annual air temperatures by 1.2 °C and an increase in snow fall by about 42% 
(Jorgenson et al., 2001).  The trend of warmer, wetter winters with a shortened annual 
snow cover duration, and a correspondingly longer snow-free season because of later fall 
accumulation and earlier spring melt, are expected for Arctic regions (EPA 2010; 
Johansson et al., 2013; Oberbauer et al., 2013).  In the language of the IPCC, it is
2 
Figure 1.1.  Mean global surface temperature change expected by the end of the 21st 
century compared to the 1986-2005 average (Modified from IPCC, 2013).   
Figure 1.2.  Arctic regions projected to be the most sensitive to changes in mean surface 
temperature and precipitation patterns.  Projections are for the highest GHG emissions 
scenario by 2100 (Modified from EPA, 2010). 
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“virtually certain” that near-surface permafrost extent will decrease by no less than 37% 
by year 2100 as a result of this warming with consequential deepening of the active soil 
layer and thus a larger pool of accessible soil nutrients for plants and microbes (IPCC, 
2013).  Recently-thawed, previously buried soil organic matter then has the potential for 
GHG release through degradation, and it is thus pertinent to consider the impacts 
permafrost thaw and deepened active layers will have on future climate change (Zhuang 
et al., 2006; IPCC, 2013). 
Arctic environments hold nearly 90% of their total ecosystem carbon in soils 
rather than biomass as these cold settings have a short growing season and limited 
degradation (Mack et al., 2004; Delarue et al, 2011; Grosse et al., 2011; Abbott et al., 
2013).  Warming Arctic soils, driven by a rise in mean air temperatures and or increases 
in winter snow pack, has the potential for enhanced degradation of cold-stabilized soil 
organic matter (SOM) with important implications for release of GHGs, global carbon 
cycling, and feedbacks to the climate system (Mack et al., 2004; Schimel et al., 2004; 
Zhuang et al., 2006).  The potential of deleterious impacts on ecosystems directly drives 
international funding for investigative studies concerning global climate change.  In an 
initiative to improve the understanding of the consequences of the Arctic’s heightened 
sensitivity to climate change, several national and international organizations sponsored 
by the United States Department of Energy, National Science Foundation, International 
Tundra Experiment (ITEX), EU-Interact, etc., are devoted to investigating the fate of 
carbon storage in these ecosystems under warming conditions.  
These studies have and are investigating organismic and ecosystem process 
responses to summer warming and or winter changes in snow by using experimental and 
observational studies (Welker et al., 1997, Arft et al., 1999; Welker et al., 2000; Welker 
et al., 2004; Welker et al., 2005; Borner et al., 2008; Leffler and Welker, 2013; Pattison 
and Welker, 2014). Important changes are documented in plant and microbial ecology, 
regional hydrology, soil CO2 efflux and more.  With respect to the plant ecology, 
observations from Arctic tundra studies include shifts in plant community dominance 
from bryophytes and lichens to graminoids and shrubs, as well as subsequent increased 
snow depth from shrub catchment, earlier spring emergence and greening, and increased 
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aboveground biomass and canopy height (Hudson and Henry, 2009; Oberbauer et al., 
2013; Johansson et al., 2013; Pattison and Welker, 2014).   Increased mean air 
temperatures, increased soil temperatures particularly in winter from insulation by 
increased snow pack (Schimel et al. 2004), increased depth to permafrost resulting in a 
thicker active layer (Pattison and Welker, 2014), elevated emissions of ancient-
permafrost derived C (Nowinski et al., 2010; Czimcik and Welker, 2010) and hydrologic 
changes in soil profiles from permafrost melt causing surface depressions have also been 
observed (Schimel et al., 2004; Hudson and Henry, 2009; Johansson et al., 2013).  
Additionally, increased snow pack and its insulation of underlying soils significantly 
increases winter microbial activity, and winter respiration is hypothesized to be the most 
important contributor to CO2 release in the Arctic since winter, or the cold season, is the 
longest in these regions (Fahnestock et al., 1998, 1999).  Increased winter CO2 flux and 
nitrogen (N) mineralization rates have already been measured in soils experiencing 
deeper snow pack (Schimel et al., 2004; Weintraub et al., 2005).  
1.2.  Controls on Soil Organic Carbon Dynamics 
Soils are key ecosystem mediums responsible for regulating many important 
ecosystem services such as sequestering large amounts of organic carbon (Figure 1.3; 
Atlas of the Biosphere, 2014).  Global estimates of soil organic carbon (SOC) pools vary 
widely from 1200-2500 petagrams of carbon (Pg C), equating to as much as 80% of the 
total terrestrial organic carbon pool (Tarnocai et al., 2009; Ontl and Schulte, 2012).  
Divergences in these estimates are a result of differences in soil depth reported, the 
method for estimation, and number of points sampled (Tarnocai et al., 2009). Studies that 
take into account deeply buried carbon down to the 300 cm depth suggest that the global 
SOC pool contains 2344 Pg C with as much as 50% of this global SOC accounted for in 
circumpolar soils—the permafrost and non-permafrost affected soils at latitudes higher 
than 60°N (Tarnocai et al., 2009).  This assessment effectively doubles other reported  
5 
Figure 1.3.  Soil organic carbon (SOC) density is highest in Arctic circumpolar regions 
because of slow degradation in cold environments (modified from Atlas of the Biosphere, 
1998). 
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Arctic SOC storage estimates of 30% of global SOC (Mack et al., 2004; Delarue et al., 
2011; Swain and Abbott, 2013).   
These sizeable estimates of the percentage of global SOC residing in Arctic soils 
emphasizes the great importance of cold-stabilized SOC attributed to slow decomposition. 
This also emphasizes the importance of understanding the distinct nature of the 
sensitivity of surface and deep soil carbon dynamics in the Arctic because of the region’s 
heightened sensitivity to climate change and the potential for large quantities of CO2 and 
CH4 to be liberated under future warming scenarios (Zhuang et al., 2006; Tarnocai et al., 
2009; Shirokova et al., 2013).  Greatly increased CO2 and CH4 release from small <10 m2 
thermokarst surface depressions created as a result of warming and permafrost 
degradation has been measured in Arctic regions already (Shirokova et al., 2013).  More 
importantly, this dissolved inorganic carbon as CO2 and CH4 in thermokarst depressions 
showed isotopic signatures indicating origins from peat degradation (Shirokova et al., 
2013).  Also, in Schuur et al. (2009), CO2 efflux measurements revealed a positive 
correlation between 14C signatures, permafrost thaw extent, and growing season, 
indicating destabilization of old previously-buried SOC.   
Controls on SOC stabilization and destabilization are dynamic and vary not only 
with the substrate’s molecular structure and organic chemical composition but also with 
the substrate’s age, temperature sensitivity, and micro- and macro-environment (Hedges 
et al., 2000; Kögel-Knabner, 2001; Zhuang et al., 2006; Kleber et al., 2011; Schmidt et al., 
2011; Hopkins et al., 2012).  Sollins et al., 1996, cites three important controls on SOC 
degradation:  accessibility of the substrate to microbes as a function of location in the soil 
profile, interactions with other organic and inorganic compounds present that may bind 
and stabilize SOC, and recalcitrance dependent on original functional groups of 
compounds in the substrate.  For example, simple carbohydrate structures produced by 
plants and microbes require relatively little energy to oxidize and are preferentially 
broken down during the initial phases of degradation (Weintraub and Schimel, 2003; 
Kleber et al., 2011).  Conversely, complex lignin macromolecules (which are acid 
insoluble) produced only by vascular plants encase cellulose and hemicellulose, generally 
making these sugars possible to degrade only after the breakdown of lignin primarily by 
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specialized fungi (Filley et al., 2000).  Tannins are thought to be more reactive than lignin 
in soils but their products after undergoing chemical transformation can also be toxic to 
microbes and inhibit degradation (Filley et al., 2006; Neirop et al., 2006).  However, 
several reports suggest that these broad generalizations about the ease of degradation of 
sugars versus lignin and tannins because of their molecular nature are misleading—
sugars can persist for decades whereas lignin can have surprisingly quicker turnover 
times than other SOC compounds, thus their degradation rates are dependent on other 
environmental factors (Prescott, 2010; Kleber et al., 2011; Schmidt et al., 2011).   
 Modeling SOC dynamics is a complex task because of the even longer list of 
interacting abiotic and biotic controlling variables.  Mean air temperatures, precipitation 
(including snow pack depth and timing of accumulation), mean soil temperatures and pH, 
water table depth and moisture, vascular versus nonvascular vegetative cover, microbial 
consortia and enzymes present, and nutrient limitations, particularly nitrogen in Arctic 
systems, may all affect these processes (Sollins et al., 1996; Schimel et al., 2004; 
Weintraub et al., 2005; Lang et al., 2009; Delarue et al., 2011; Abbott et al., 2013; 
Oberbauer et al., 2013; Johannsen et al., 2013).  Further complicating SOC dynamic 
models in the Arctic, permafrost thaw and cryoturbation processes, e.g. the “stirring” or 
churning of soil due to freeze-thaw in gelisols, have the potential to enhance the 
destabilization of deeper frozen carbon stocks by translocation to the warmer, aerobic 
surface where degradation can occur more quickly (Bockheim et al., 1998; Sturm et al., 
2005; Schuur et al., 2009).  Conversely though, cryoturbation processes can displace 
fresh litter and organic carbon deeper in the soil profile (Figure 1.4; Bockheim et al., 
1998).  Redistribution of soil organic carbon could affect nutrient accessibility for 
microbial enzymatic alteration as well as accessibility for uptake by vegetation (Sollins et 
al., 1996). 
 Understanding the chemical nature of the organic matter and the suite of 
interacting biological and environmental variables are important when modeling SOC 
dynamics (Sollins et al., 1996; Schmidt et al., 2011).  For instance, degradation of SOC in 
Arctic gelisol or cryosol soils is generally limited by cold temperatures, anoxic water-




Figure 1.4.  Conceptual model of cryoturbation and permafrost thaw uplifting older deep 
C and burying fresh organic matter. 
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plant cover of acidic compound-producing Sphagnum spp. mosses, promoting such soils 
to act as a net carbon sink (Delarue et al, 2011; Grosse et al., 2011; Abbott et al., 2013).  
However, controlled laboratory incubations of Arctic soil cores concluded this SOC does 
have the potential to degrade quickly under warmer conditions, indicating that the 
seeming recalcitrance of this SOC is mainly due to cold temperatures and other 
unfavorable environmental conditions, not the chemical limitations of the substrate itself 
(Weintraub et al., 2003).  In fact, Weintraub and Schimel, 2003, found that degradation of 
most other compounds was proportional to the rate of lignin degradation in warming 
incubation experiments.  These findings support the hypothesis of the possibility for 
release of large amounts of CO2 to the atmosphere, and mineralization of more nitrogen 
in soils, if conditions trend toward a warmer environment in the Arctic (Weintraub and 
Schimel, 2003; Mack et al., 2004; Weintraub et al., 2005).  In a related study at the same 
artificial snow pack enhancement experiment at the Toolik Lake Long Term Ecological 
Research Station in the Alaskan Arctic, significantly higher winter respiration rates and 
efflux of CO2 was observed in soils experiencing deeper snow pack where insulation 
increased mean soil temperatures (Schimel et al., 2004).  These elevated C effluxes were 
also matched by an increase in N mineralization and subsequently greater leaf N in 
summer where snow was deep the prior winter compared to ambient snow depth 
conditions (Welker et al. 2005). 
One effect of a warming Arctic is an increase in net primary productivity (NPP) 
and expansion of woody plants (Sturm et al., 2005; Euskirchen et al., 2006).  However, if 
this potential increase in carbon fixation and storage in biomass is not sufficient to offset 
increased microbial respiration and release of CO2 and CH4 from soils, these carbon-rich 
permafrost soils in Arctic ecosystems will shift from an annual net atmospheric carbon 
sink to a net atmospheric carbon source and amplify global warming trends (Welker et al., 
2010; Weintraub et al., 2005; McGuire et al., 2009; Schuur et al., 2009; Grosse et al., 
2011; Pederson et al., 2011).  CH4 respired from water-logged soils is also of pronounced 
concern since it is more powerful greenhouse gas than CO2, but these environments are 
currently cited as a net source for both gases by wetland or thermokarst respiration, 
deepening active layers from permafrost thaw, and forest fires (Jorgenson et al., 2001; 
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Shirokova et al., 2013).  Therefore, the magnitude and direction of this C sequestration in 
the Arctic depends on many factors, such as the effects that increased CO2 and 
mineralized N will have on NPP and sequestration in biomass.  Projections of Arctic C 
release to the atmosphere range from -24 Pg C to +100 Pg C by year 2100 (Davidson and 
Janssens, 2006; Zhuang et al., 2006; Nowinski et al., 2010).  Still, total C release to the 
atmosphere from these ecosystems is currently predicted to be relatively minor compared 
to releases by fossil fuels, which is 1500 Pg C by 2100 in the low anthropogenic 
emissions scenario (Zhuang et al., 2006).   
1.3.  Carbon-Nitrogen Feedbacks with Changes in Snow Cover 
and Plant Communities 
Environmental changes driven by warmer air temperatures are heterogeneous 
across the Arctic (Arft et al. 1999, Oberbauer et al. 2012, Elmendorf et al. 2013 a, b).  
Varying interpretations of drivers of Arctic C dynamics propose a net loss, stasis, or a net 
gain of ecosystem C because components of the complex interweaving C storage 
feedback loops have interacting controls on each other in these systems (Figure 1.5) 
(Welker et al., 1997; Sturm et al., 2005; DeMarco et al., 2013; Oberbauer et al., 2013).  
For example, warmer air temperatures, deepened active layers, and increased snow pack 
induces changes in soil moisture regime and redox potential, rooting depth, soil microbial 
biomass and associations with plants, altered nutrient mineralization and cycling, and 
intra-species plant chemistry—all of which encourage increasing dominance of vascular 
plant communities (Walker et al., 1999; Sturm et al., 2005; Rixen, 2008; Tarnocai et al., 
2009; Schimel et al., 2004; Farrer et al., 2013; Johansson et al., 2013; Oberbauer et al., 
2013).  Encroachment of deciduous shrubs into bryophyte and lichen dominated areas 
can exert a positive feedback on snow thickness and persistence by catchment in taller-
canopy shrubby structures, increasing winter soil temperatures and microbial activity 
from insulation, and increasing nutrient (particularly N) mineralization rates (Schimel et 
al., 2004; Sturm et al., 2005; Weintraub et al., 2005; Johansson et al., 2013).  Snow 
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Figure 1.5.  Simplified conflicting feedback loop hypotheses exist for climate change 
impacts of the Arctic C cycle (Modified from Sturm et al., 2005).  
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thickness and timing of accumulation can also influence plant communities in terms of 
seasonal timing of nutrient uptake, spring emergence, and effective growing season 
length (Schimel et al., 2004; Oberbauer et al., 2013).  
Plant community composition is an important governor in the balance of NPP 
versus degradation because of interspecies biochemical versus structural life strategy 
trade-offs and differences in above- and belowground biomass that different functional 
plant types are capable of achieving (Cornwell et al., 2008; Shaver et al., 2014).  Of 
particular interest in Arctic ecosystems is the decrease in cover of low-canopy bryophytes 
and lichens, specifically Sphagnum moss.  A commonly dominating genus in the tundra, 
Sphagnum forms thick mats on the soil surface that is efficient at outcompeting other 
vascular plants both for light and nutrients in nutrient-poor conditions (van Breemen, 
1995).  These mosses have substituted carboxylic acid groups within their carbohydrate 
sugars that make them acidic in nature and in turn are responsible for lowering soil pH, 
which can limit nitrification (van Breemen, 1995; Gough et al., 2000).  Sphagnum 
produces four unique acid biomarkers not found in the vascular shrubs and graminoids 
that have been shown to be encroaching into peatland ecosystems with warming (van 
Breemen, 1995; Walker et al., 1999; Abbott et al., 2013; Johansson et al., 2013).  In 
addition, Sphagnum does not produce lignin, is proposed to have anti-microbial 
properties, and its persistence in soils is largely responsible for the large amounts of SOC 
preserved in the Arctic (van Breemen, 1995; Abbott et al., 2013).  However, Verhoeven 
et al. (1990) found that bogs dominated by Sphagnum had significantly higher N 
mineralization than those dominated by vascular plants, and N in this moss is lost more 
quickly than in soil organic matter itself or from detritus of vascular plants in such bogs.  
According to Abbott et al. (2013), degradation potential of Sphagnum is largely 
controlled by water table fluctuation—high water tables with reducing environments 
provide conditions that are stable for Sphagnum residues in acidic soils whereas oxic, 
unsaturated drained conditions generally showed quick degradation of Sphagnum 
residues.  Additionally, drying and re-wetting cycles strip the moss of its protective 
compounds and increase degradation rates (Abbott et al., 2013).  
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Conflicting hypotheses exist on whether net ecosystem C losses or gains will 
occur in the Arctic with warming climate.  In the hypothesis of the Arctic becoming a net 
atmospheric C source with warming, a warmer soil thermal profile, deepened active 
layers, and increased cryoturbation could thaw older frozen carbon pools with the 
potential to bring this old SOC up to shallower, higher microbial activity surface soils 
(Bockheim et al., 1998; Schuur et al., 2009).  Increased N availability in litter peat from 
both atmospheric deposition and degraded soils from deepened active layers and 
increased mineralization rates is proposed to cause preferential carbohydrate degradation 
over lignin as well as a decrease in concentration of polyphenols—the acidic compounds 
that are poor quality food for microbes (Neff et al., 2002; Bragazza and Freeman, 2007).  
Encroachment of vascular plants in previously Sphagnum dominated tundra soils, 
resulting in a greater input of high quality, more readily degradable litter compared to 
that of the acidic bryophytes, could result in enhanced SOC decomposition and also a 
shortened effective growing season because of soil drying—resulting in a decrease in 
biomass potential (Weintraub et al., 2005; Lang et al., 2009; Oberbauer et al., 2013).  
Thus higher mean annual air and soil temperatures and vascular dominance would have a 
positive feedback for increasing degradation rates to release massive amounts of 
atmospheric carbon.  
In contrast, and with nearly the same set of drivers, a contradicting hypothesis 
proposes that Arctic ecosystems will become an even greater net sink of atmospheric 
carbon through the increased cryoturbation frequency burying near-surface, fresh, high-
quality carbon stocks to anoxic and frozen depths (Michaelson et al., 1996).  Additionally, 
atmospheric CO2 fertilization could increase NPP, resulting in a negative feedback 
scenario for climate warming if increased NPP outpaces the net C respiration from 
warming in these ecosystems and effectively shifts the ecosystem C lost in soils to C 
storage in biomass instead (Zhuang et al., 2006).  Wet deposition of nutrients from 
increased precipitation, increased rooting depth from permafrost thaw, and increased 
nutrient availability through enhanced mineralization rates with warming also promotes 
greater biomass production that could increase biomass carbon sequestering abilities in 
these Arctic ecosystems (Mack et al., 2004; Weintraub et al., 2005; Farrer et al., 2013; 
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Johannsen et al., 2013).  Vegetative community dominance shifting from non-vascular to 
more vascular, woody plants with high carbon to nitrogen (C:N) ratios and purportedly 
more stable or recalcitrant lignin, cutin, and suberin components could decrease ease of 
degradability of SOC (Sturm et al., 2005; Killops and Killops, 2009).  However, it is 
important to keep in mind that some studies show that this woody tissue recalcitrance is a 
result of situational temperature and microbial alteration and stabilization in the SOC 
fraction, not that the material is inherently recalcitrant itself (Weintraub et al., 2005; 
Prescott, 2010).  SOC dynamics is controlled largely by stabilization processes within the 
soil by aggregation, mineral reactions or microbial alteration, or even within plants before 
their tissues fall as detritus (Sollins et al., 1996; Schmidt et al., 2011).  Thus, projections 
for changes in short-term and long-term carbon storage in soils and biomass may be 
vastly different, and current research and models often fail to recognize this disconnect 
when considering SOC decomposition (Sturm et al., 2005; DeMarco et al., 2011; Schmidt 
et al., 2011).   
An additional outcome of the aforementioned changes projected for the Arctic 
could be that the net ecosystem C budget is essentially maintained through changes in 
physical storage between soils to plants.  The shift away from nonvascular plants that are 
limited in growth size because of their life strategy is proposed to result in increased NPP 
and plant biomass, as well as increased more “permanent” carbon storage in the inter-
annually persisting and tough, lignin-rich stems (Mack et al., 2004).  However, leaf 
composition as in these encroaching shrubs has been shown to exert strong controls on 
enhanced SOC decomposition (Cornwell et al., 2008).  It is also proposed that in a 
warming climate with shifts in vegetation from bryophytes and lichens to graminoids and 
shrubs, these shrubs could provide; a) shading in the summer that decreases the average 
soil temperatures and decay, and b) insulation by acting as snow traps to increase average 
winter soil temperature, microbial activity, and nutrient mineralization (Schimel et al., 
2004; Delarue et al., 2011; Oberbauer et al., 2013).  Thus it seems for each response to 
warming, there is a counter-response that makes a plausible argument for the maintained 
ecosystem C budget in Arctic regions in warming scenarios. 
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1.4.  Hypotheses Investigated Herein 
This thesis endeavored to shed light on the plant, litter, and soil-related 
biogeochemical implications of a deeper snow pack in the Arctic as driven by changes in 
vegetation shifts.  At Toolik Lake, Alaska (a Long Term Ecological Research Station), at 
a moist acidic tussock tundra site where an experimental snow fence was erected in 1994, 
an observed shift in vegetation community from predominantly bryophytes (mosses) and 
lichens to more grasses and woody shrubs was reportedly coincident with enhanced 
winter CO2 respiration and N mineralization in soils experiencing deeper snow (Jones et 
al., 1998; Walker et al., 1999; Welker et al., 2000; Schimel et al., 2004; van Wijk et al., 
2004; Weintraub et al., 2005).  Questions addressed in this work include:  1) How does 
snow depth thickness influence the plant cover and primary and secondary chemistry of 
the dominant plant species, litter, and soil, and 2) How do the changes in plant chemistry 
and relative interspecies input impact litter quality?  Understanding the answers to these 
questions rouse a third:  3) Which plant products are preferentially stored versus easily 
degraded in litter and surface soils, and what will it ultimately suggest about carbon 
storage?   
To attempt to answer these questions, this study investigated multiple chemical 
proxies for changes in plant and soil chemistry using the following parameters:  plant and 
soil C:N ratios, total concentrations and relative proportions of seven major 
carbohydrates, and total concentrations and relative proportions of lignin and non-lignin 
phenols.  Plant chemical constituents (particularly distinct chemistries of different 
carbohydrates and lignin monomers) were also used as tracers to relate the above-ground 
plant tissue to input to litter and deeper in the soil profile, the latter of which could 
suggest preservation potential for different plant types (Filley et al., 2006; Abbott et al., 
2013; Bonanomi et al., 2013; Gillespie et al., 2013). 
The hypotheses of this study were that deeper snow pack and warmer winter soil 
temperatures could cause changes in intra-species plant chemistry (as a result of the 
enhanced N cycle in the soil; Miller and Cramer, 2005; Sturm et al 2005).  Specifically, 
an increase in nitrogen availability from snow input along with a deepened active layer 
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and nutrient/N pool could decrease C:N ratios in plants and increase carbohydrate 
degradation in soils experiencing deeper snow (Neff et al., 2002; Farrer et al., 2013).  
Increased lignin and a change in the relative concentrations of sugars in the soil as the 
vegetative cover becomes more dominated by dwarf shrubs and graminoids rather than 
lignin-free Sphagnum mosses was also hypothesized.  Fieldwork including plant and soil 
collection was completed at Toolik Lake during late July and August 2012. Samples were 
transported frozen back to labs at University of Illinois, Chicago, and Purdue University, 
West Lafayette, and were freeze-dried and processed over the next year. 
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CHAPTER 2.  ORGANIC GEOCHEMICAL PROXIES AND BIOMARKERS TO 
ASSESS IMPACTS ON PLANTS AND MICROBES 
2.1.  Elemental Carbon and Nitrogen 
Carbon enters ecosystem cycles primarily through photosynthesis and is lost 
primarily through respiration, whereas nitrogen enters primarily through precipitation and 
is lost through leaching and denitrification (Shaver et al., 2014).  Relative and absolute 
C:N ratios are often used to determine if plants and microbes are nitrogen-limited under a 
specific growth regime and also to assess preference for microbial decomposition (Farrer 
et al., 2013; Weintraub et al., 2005).  Soil or substrate C:N ratios lower than 25:1 
generally indicate excess N required by microbes for enzymatic activity, and thus this 
excess N is excreted and mineralized in forms available for plant uptake (Osler and 
Sommerkorn, 2007).  Conversely, when substrate C:N ratios exceed 25:1, microbes are 
generally N-limited, driving immobilization in microbial biomass and N-limitations on 
plant growth and NPP (Osler and Sommerkorn, 2007).    
Increased snowpack concurrent with warming conditions in the N-limited Arctic 
has the potential to decrease soil C:N ratios and therefore alter biogeochemical cycling 
rates.  Increased N input to soils under deeper snow has been attributed to inorganic 
ammonium and nitrate in the snow pack being quickly immobilized, biogeochemically 
altered, and incorporated in the underlying soils (Brooks et al., 1999).  Additionally, 
Weintraub et al. (2005) observed subsequent altered seasonal timing of soil N 
bioavailability and uptake by plants under deeper snow pack.  Also, concurrent with 
winter thermal insulation of Arctic soils under deeper snow, increased winter CO2 efflux 
has been observed in several studies (Fahnestock et al., 1998, 1999; Walker et al., 1999;
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Schimel et al., 2004).  A combination of increased soil N and decreased soil OC could 
lower C:N and increase microbial degradation. 
2.2.  Carbohydrates 
Carbohydrates, the dominant chemical composition of plants, has the general 
formula Cn(H2O)n.  Vascular plants tissue is composed largely of crystalline 
carbohydrates called cellulose (comprising 40-60% of vascular tissue), which is made of 
glucose monomers, while non-vascular plant tissue is composed of substantially less 
(Kögel-Knabner, 2000; Killops and Killops, 2009). Hemicelluloses in the plant cell walls 
are composed mainly of xylose, mannose, and galactose (Killops and Killops, 2009).  In 
general, carbohydrates are easy to hydrolyzed by microbes and are quickly degraded in 
soil (Gunnarsson et al., 2008; Killops and Killops, 2009).  The decay rate of the 
carbohydrate components of plants greatly varies with plant species, microbial consortia, 
and environmental factors such that the paradigm of them being “more easily degraded” 
with respect to other plant biopolymers is found to have frequent exceptions.  Specifically, 
carbohydrates’ ease of degradability in soil has been shown to be both negatively and 
positively correlated to increased soil N (as could occur with increased snow pack), likely 
because of discrepancies in complex environmental factors and soil particle size fraction 
analyzed (Neff et al., 2002; Farrer et al., 2013; Gillespie et al., 2013).  In this study, seven 
carbohydrates’ concentrations were measured in plant and soil samples including fucose, 
rhamnose, arabinose, xylose, galactose, mannose, and weak- and strong-acid extracted 
glucose in addition to elemental C and N composition (Figure 2.1).   
Concentration and specific carbohydrate compounds produced in plants are 
important for determining the plants’ degradation potential in soils (Gunnarsson et al., 
2008).  Microbial tissue contains large concentrations of galactose, mannose, and glucose 
(each of which contains 6 carbon atoms) with only small amounts of arabinose and 
xylose (which contain only 5 carbon atoms), whereas plants produce substantially more 
arabinose and xylose and frequently no galactose or mannose (Table 2.1) (Haynes and 
Francis, 1993; Jia et al., 2008; Killops and Killops, 2009).  Thus the ratio of the  
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Figure 2.1.  Structure of seven major carbohydrates measured in this study. 
Table 2.1.  Seven major carbohydrates measured in this study.  Weak acid (WA) and 
strong acid (SA) extracted glucose measurements made by two sequential analyses of the 
same sample material.   
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concentrations of galactose plus mannose to arabinose plus xylose (GM:AX) has been 
shown to be a useful indicator of the proportion of microbial to plant storage in soils 
(Haynes and Francis, 1993).  Typical GM:AX ratios are high (GM:AX > 2.0 ) in soil due 
to microbial monosaccharides stabilized in the soil matrix and produced in the rooting 
zone while in plants this ratio is typically low (GM:AX < 0.5) (Haynes and Francis, 
1993). 
2.3.  Lignin and Extractable Phenols 
Lignin is a large (3,000-20,000 g/mol) biomacromolecule produced exclusively in 
vascular plants and is the second most abundant naturally produced compound on earth 
after cellulose, comprising 20-30% of vascular tissue (Glasser et al., 1993; Killops and 
Killops, 2009). Lignin encases cellulose and hemicellulose tissue in the plant cells and is 
thought to act as a physical barrier for bacterial degradation, resulting in more recalcitrant 
SOM if specialized fungi are not present (Filley et al., 2003; Klötzbucher et al., 2011).  
There are a few widely applied methods for the molecular, biomarker-based analysis of 
lignin that are primarily based upon coupled hydrolysis/oxidation or 
hydrolysis/thermochemolysis (Hedges et al., 2000; Kögel-Knabner, 2002). 
Tetramethylammonium hydroxide (TMAH) thermochemolysis is an analytical 
methodology that promotes hydrolysis of ester and certain ether bonds and then adds a 
methyl group to all negatively charged oxygen atoms as an in situ derivatization step.  
The liberated fatty acid methyl ester, methylated lignin fragments, or phenols are then 
analyzed for their structure and abundance by gas chromatography mass spectrometry 
(GC/MS) (Clifford et al., 1994).  The procedure has been extensively used to assess 
changes to lignin as it efficiently breaks the dominant β-O-4 linkages in the lignin 
macromolecular structure (Figure 2.2) (Clifford et al., 1994; Filley et al., 2006).  The β-
O-4 site always gets methylated in the presence of TMAH, as well as hydroxylated sites 
on the aromatic rings (Filley et al., 1999; Filley et al., 2002).  However, in GC/MS  
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Figure 2.2.  Lignin biomacromolecule.  β-O-4 linkages are broken between syringyl (S), 
guaiacyl (G), and cinnamyl (Ci) monomers and methylated in thermochemolysis, as well 
as unmethylated sites.  
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analysis using TMAH, it is not possible to tell which sites were originally methylated 
from the native lignin structure and which became methylated in the presence of TMAH.  
The development of the 13C-labeled tetramethylammonium hydroxide (13C-TMAH) 
thermochemolysis method allows one to distinguish how many sites were originally 
demethylated (meaning the compounds were more phenolic in nature) at the same time as 
measuring the abundance of each compound in a sample. (Filley et al., 2006).   
The proportion of “labeled” fragments versus unlabeled allows us to calculate the 
degree of methylation of these monomers so tannins can be distinguished from lignin 
(Filley, 2003).  Every compound gets labeled with one 13C atom at the β-O-4 linkage, so 
every mass spectra signature reads one mass unit higher for compounds reacted with 13C -
TMAH rather than unlabeled TMAH.  If an analyte is completely lignin in character 
instead of phenolic, these sites are already methylated, and only one label total is added 
to the molecule at the β-O-4 linkage.  If the compound is zero percent lignin and entirely 
phenolic in nature, the maximum amount of labels are added to the molecule’s mass 
signature. The number of possible methylation sites, which varies between syringyl (S), 
guaiacyl (G, or sometimes referred to as V for vanillyl in other methodologies), and 
cinnamyl (Ci, or sometimes P for para-hydroxyphenyl) monomers, determines the 
maximum possible additional labels that can be added to the molecule (Figure 2.2) (Filley 
et al., 1999).  The equation given in Filley et al., 2006, is used to determine 13C 
enrichment and calculate the adjusted percent lignin composition of the total SGC 
concentration.  Thus the 13C-TMAH method also allows for the calculation of non-lignin 
SGCi phenol concentration by subtracting the adjusted SGCi lignin concentration from 
the total SGCi concentration. 
13C-TMAH thermochemolysis can be used to extract G, S, and Ci monomers to 
assess lignin versus phenolic character in plants and relative contribution to soils (Filley 
et al., 1999).  Ratios of G, S, and Ci lignin components vary by plant functional type and 
even between tissues of the same plant and can thus be used to determine taxonomic 
source of the lignin (Killops and Killops, 2009).  Hardwood angiosperms (shrub species 
in this study) have about equal proportions of guaiacyl and syringyl monomers while 
graminoid lignin is largely of cinnamyl monomer composition, and S/G and Ci/G are the 
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most commonly used ratios as proxies for botanical input or degradation stage (Campbell 
and Sederoff, 1996; Filley et al., 2006).  Calculations and data presented herein are based 
on the components listed in Table 2.2 for each monomer class (Klotzbücher et al., 2011; 
Filley et al., 2006).  
Another useful parameter that can be obtained by the 13C-TMAH method is the 
“Sphagnum Ratio (SR).”  Sphagnum moss produces four unique unsubstituted para-
hydroxy phenolic acids (similar to Ci monomer aromatic structure) that are not present in 
vascular plants, and conversely, Sphagnum does not produce lignin as do vascular plants 
(van Breemen, 1995; Abbott et al., 2013).  The SR, a new biogeochemical parameter,  
has been reported as a percent of total extracted phenols and is calculated by dividing the 
sum of the four Sphagnum acid concentrations by the sum of Sphagnum acids plus SGC 
lignin (Abbott et al., 2013).  However, in Abbott et al. (2013), their study included SGC 
lignin sums of only G4-6, G18, S4-6, and P18 (Table 2.2) in the denominator for the SR, 
whereas this study included the sum of all SGC lignin in the SR denominator.  This 
difference was likely due to molecular library and ability to identify these additional 
compounds in analyses.  Still, in theory then, a Sphagnum sample would have an SR of 
100%, and a vascular plant (or any non-Sphagnum species) would have an SR of 0%.  
This is a useful proxy for botanical input where Sphagnum, thought to contribute stable 
and persistent compounds to the soil, is a commonly dominating genus in Arctic 
ecosystems, but has recently been shown to be sensitive and more easily degraded in dry 
or seasonally-saturated conditions (Abbott et al., 2013). 
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Table 2.2.  Primary SGCi phenolic products in TMAH thermochemolysis. 
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CHAPTER 3.  FIELD SITE AND SNOW FENCE MANIPULATION 
3.1.  Field Site Description 
The Toolik Lake field station, Alaska, is part of the Long-Term Ecological 
Research (LTER) network of field stations establish by the National Science Foundation.  
It is located approximately 120 miles south of the coast of the Arctic Ocean in Alaska, 
north of the Brooks Range, at latitude 68° 38’ N, longitude 149° 34’ W, elevation 760m 
(Figure 3.1) (van Wijk et. al, 2004).  Mean annual air temperatures are around -10 °C 
with summer maximums near 20 °C and winters minimums commonly down to -40 °C 
(Schimel et. al, 2004; DeMarco et al., 2011).  The “moist acidic tundra (MAT)” site lies 
within an ombrotrophic bog receiving only meteorological inputs to the ground surface 
with annual precipitation of approximately 320 mm.  About 135 mm, approximately 43%, 
of this annual precipitation falls during cold months as snow, which begins to accumulate 
in October and melts by mid-May (Welker et al., 2000; Schimel et. al, 2004; Pattison and 
Welker, 2014).  However, snow accumulates at depths up to 500 mm at this site because 
of redistribution by drift (DeMarco et al., 2011).  Snow pH is around 6.5, and soil pH is 
less than 5 (Walker et al., 1994; Walker et al., 1999).   
Permafrost depth is generally 50 cm below the surface or shallower, is continuous 
across the region, and is approximately 250-300 m thick (Schimel et al., 2004; Nowinski 
et al., 2010; DeMarco et al., 2011).  The soil here is underlain by Pleistocene glacial drift 
parent material and are classified as Rustic Histic Aquaturbels, and the organic horizon 
depth ranges from 20-30 cm overlying silty mineral soil horizons (Schimel et al., 2004; 
Sullivan et al., 2007; DeMarco et al., 2011).  Bulk soil density is approximately 0.15 
g/cm3, and soil temperature, measured at 15 cm depth, ranges from 15 °C in summer to as 
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Figure 3.1.  Location of field site at Long-Term Ecological Research (LTER) station at 
Toolik Lake, Alaska (modified from ArcticAtlas.org).  
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cold as -35 °C in winter (Walker et al., 1999; Schimel et. al, 2004).  The MAT site at 
Toolik Lake has a slight slope (5° from high west to east) and very heterogeneous 
tussock-intertussock microtopography (Jones et al., 1998; Schimel et al., 2004).  New 
graminoid growth and old root mass composes the 10-30 cm raised tufts of the tussocks, 
and Sphagnum spp. moss bryophytes dominate the low inter-tussock spaces (Figure 3.2a 
and 3.2b) (Sullivan and Welker, 2005).  Dwarf evergreen and deciduous shrub growth 
occurs on both tussock and inter-tussock spaces.  Table 3.1 lists the primary species 
observed across the moist acidic tundra plot with notation of those species that were the 
focus of the assays.   
3.2.  Snow Fence Manipulation Experiment 
In the summer of 1994, an experimental snow fence was constructed on a moist 
acidic tussock tundra (or moist acidic tundra, MAT) plot located a half mile south of the 
field station (Jones et al., 1998; Welker et al., 2000, 2005).  The fence runs 60 m east-
west, perpendicular to the prevailing south-to-north wind direction rushing down from 
the Brooks Range, and stands 2.8 m high (Walker, et. al, 1999).  The fence stays erect 
year-round and causes increased snow accumulation 2-3 m deep closest to the fence with 
a decreasing gradient northward to the shallow accumulation at the plot’s edge 70 m from 
the fence where snow depth is only about 0.5 m (Figure 3.3) (Walker, et. al, 1999).  To 
reiterate, typical ambient snow depth at the site is variable from approximately 135 mm 
as snowfall to 500 mm accumulation because of drifting by winds coming down from the 
Brooks Range (Schimel et al., 2004; DeMarco et al., 2011).  Thus, the snow fence 
increases snow depth by up to 300% in the deepest accumulation closest to the fence.  
The three experimental zones of snow accumulation depth were designated as Deep (D), 
Intermediate (I), and Low (L) with increasing distance from the fence.  Within each of 
these three experimental snow depth zones are five subplots, labeled 1-5, with subplot #1 
being the most eastward parallel to the fence (Figure 3.4).  The control (ambient) strip 
runs perpendicular to these plots south of the snow fence and are labeled similarly C-(1-5) 
with #1 being closest to the fence and #5 nearly paralleling the low accumulation zone.   
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Figure 3.2.  Moist acidic tundra (MAT) site at Toolik Lake with heterogeneous tussock-
intertussock microtopography.  Snow fence is shown to the right, hexagonal open top 
chambers not associated with this study.   
Figure 3.3.  E. vaginatum (left) dominates raised tussocks with new growth and old root 
mass, and Sphagnum spp. moss dominates intertussock spaces at Toolik Lake MAT.   
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Table 3.1.  Dominant genus and species of the Toolik Lake MAT.   The five highlighted 
species are the subjects of this study with the following functional groups used herein:  
A=Graminoids, B=Shrub leaves, C= Shrub Stems, D=Moss. 
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Figure 3.4.  Schematic of snow accumulation depth at MAT site from snow fence 
manipulation at Toolik Lake, AK (modified rom Walker et al., 1999). 
Figure 3.5.  Experimental set-up of MAT at Toolik Lake, showing slight slope going 
downhill west to east, and slight surface depression in the Deep zone (deviation from 
horizontal noted by dashed line).  Sites marked D-Deep, I-Intermediate, L-Low, and C-
Control (ambient).  Soil core and plant sample collection locations at numbered 1, 3, and 
5 plots. 
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analysis using TMAH, it is not possible to tell which sites were originally methylated 
from the native lignin structure and which became methylated in the presence of TMAH. 
On average, snow cover persists nearly three weeks longer in the spring over the 
Deep zone than ambient and depending of precipitation amounts, can also be the 
condition for the Intermediate and Low zones (Schimel et. al, 2004; Pattison and Welker, 
2014). Spring warming of the Deep zone soils lags behind that of ambient snow soils 
until all snow is melted (Schimel et. al, 2004).  However, in Deep accumulation, winter 
soil temperatures were much less variable than in ambient snow zones, with minimum 
weekly temperatures dropping only to -7 °C versus -25 °C respectively at 5 cm soil depth 
(Schimel, et al., 2004).   
3.3  Impact of Snow Fence on Botany and C and N Cycling 
Previous vegetation surveys (1994-2002) at the MAT site at Toolik Lake indicate 
a shift from moss and lichen cover to more vascular graminoid and shrub dominance in 
the snow fence manipulation plots (Wahren et al., 2005; Joel Mercado-Diaz M.S. thesis).  
These findings are consistent with other Arctic studies—for example at sites in Abisko, 
Sweden, and Barrow and Atqasuk, Alaska—where woody shrub encroachment in bog 
ecosystems has been concurrent with increased warming patterns in Arctic regions 
(Johansson et al., 2013; May and Hollister, 2012).  In Wahren et al. (2005), these shifts in 
species abundance and diversity were attributed to the changes in snow depth rather than 
summer warming, as evidenced from insignificant changes in the open-top chamber 
experiments inducing summer warming, and were most pronounced in the intermediate 
experimental snow accumulation.   
Prior studies have also reported changes in physical and chemical soil properties 
and CO2 effluxes as a result of snow depth changes (Jones et al. 1998, Welker et al. 2000, 
Schimel et al.2004, Nowinski et al. 2010) .  Deeper snow results in warmer average 
winter temperatures, as well as less variable temperature fluctuations both spatially and 
temporally as noted above (Walker et al., 1999; Schimel et al., 2004).  In Walker et al. 
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(1999), a two-year litter bag experiment revealed no significant impact of deeper snow on 
decomposition.  However, Schimel et al. (2004), measured significantly higher winter 
CO2 flux in the Deep zone as estimated by snowpack CO2 concentration gradients 
(Schimel, et. al, 2004).  This winter CO2 flux from soils emphasizes the importance of the 
findings that microbial activity can be significantly higher in soils that experience early 
and deep snow accumulation as it insulates the soil, as was also observed at Toolik 
(Fahnestock et al., 1998).  In addition, Schimel et al., 2004, measured doubled extractable 
soil N as ammonium concentrations during the snow-covered period, and two- to four- 
times more extractable soil N as nitrate during the growing season in the Deep snow 
accumulation zones than in the ambient controls with corresponding enhanced winter N 
mineralization.. 
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4.1.  Vegetation Surveys 
 
 Five 25 cm x 25 cm PVC frames were placed on the corners and middle of each 
1m x 1m square subplot for vegetative cover percent estimates (Figure 5.1).  Thus n=25 
for these 25 cm x 25 cm frames for each zone.  All percent cover estimates were made by 
one investigator to minimize bias and variation since the estimates are somewhat 
subjective.  These estimates were best for quickly identifying species composition and 
dominance of the plots.  The five dominant species of plants were estimated by this 
method and those not corresponding to these genus were quantified as “other”. 
 
 
4.2.  Plant Sample Collection 
 
 This study examined the distribution and chemistry of five of the dominant 
vegetation species at the snow fence plot, which were observed to cover approximately 
80% of the plots in August 2012.  Dwarf deciduous shrubs included Betula nana and 
Salix pulchra, graminoids included Eriophorum vaginatum and Carex bigelowii, and 
mosses included Sphagnum angustifolium (refer back to Table 3.1) (Van Wijk 2004; 
Jones 1998).  These five species were chosen to include a variety of functional types for 
the purpose of examining responses to increased snow pack.  Similar functional type 
groupings have been done in previous studies to separate phenological or degradation 
responses of shrubs, graminoids, and bryophytes (Cornwell et al., 2008; Oberbauer et al., 




Figure 4.1.  Percent cover estimates were made for each 1m x 1m subplot using five 
quadrats on the corners and middle of the subplot.   
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collected in July and August 2012 from each of the zones.  Specifically, in the Deep, 
Intermediate, and Low zones, specimens of the five dominant plant species previously 
listed were collected along the west-east gradient of the fence and pooled together by 
accumulation zone.  This sampling method of n=1 for representative plant tissue in the 
experimental zones created statistical analyses complications in testing the difference 
between individual treatment zone versus ambient control (where total is n=3).  Statistical 
treatment of the chemistry of the plants is discussed in a later section.  However, for the 
ambient control zone west of the fence, plant specimens from plots C-1, C-3, and C-5 
were kept separate to observe if a south-north gradient in plant chemistry was evident 
with increasing distance from the snow fence.   For all moss specimens, whole leaf- and 
stem-like structures were gently cleaned with DI water in the laboratory at Toolik Field 
Station to remove small vascular leafy or woody debris to reduce lignin “contamination” 
(van Breemen, 1995; Abbott et al., 2013).  Dead graminoid leaf blades were separated 
from live blades and discarded, and shrubs were separated into leaf and stem parts.  Plant 
specimens were rinsed with DI water to remove soil particles, freeze-dried for 48 hours, 
then ground into a fine powder using a steel Retch ball mill (Creamer et al., 2012; Abbott 
et. al, 2013).  If the plant bore fruit or fruit-like parts, these were also separated and 
excluded from analysis.   
4.3.  Soil Core Collection and Physical Processing 
Soil push cores were taken at numbered 1, 3, and 5 sites for each Deep, 
Intermediate, Low, and Control zones in mid-August 2012 by Mike Ricketts (University 
of Illinois Chicago, Ph.D. candidate).  One field replicate was also taken at L-5, so L-5 
cores are designated L-5 (#1) and L-5 (#2).  These cores were separated into organic and 
mineral horizons based on a sharp contrast in color change boundaries seen in the cores. 
This distinction varied by depth across sites because of compaction and micro-
topography, but generally the organic horizon consisted of the upper 13 to 15 cm, and the 
mineral horizon extended beyond this to a depth of 38 to 54 cm to the permafrost layer.  
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Cores were kept on dry ice to transport back to University of Illinois Chicago laboratory 
and stored at -80°C until cut into lateral disks in a -20°C freezer with a saw (Figure 4.2).  
These disks were cut compensating for compression during coring to result in 2 cm 
resolutions with minor exceptions because of breaking or discontinuity in some cores.  
Disks were cut laterally first, then in half longitudinally so as to not contaminate the 
depth of the core that was analyzed for microbial community compositions by 
collaborators (Mike Ricketts, University of Illinois Chicago, Ph.D. work).  Sections of 
cores for analysis were freeze-dried for 48 hours, then ground into a fine powder using a 
steel Retch ball mill (Creamer et al., 2012; Abbott et. al, 2013). 
 
 
4.4.  Elemental and Stable Isotope Analyses 
 
 Powdered plant and soil samples were loaded into tin capsules with masses 
ranging 0.5-15 mg, sample-dependent, and were run on either a Sercon Hydra 20/20 
equipped with a GLS elemental analyzer or a Sercon Hydra 20/22 equipped with a 
CarloErba 1108 elemental analyzer at the Purdue Stable Isotopes facility.  Plant tissue 
was analyzed for each experimental zone and individual control plots while unique soil 
cores and depths were analyzed individually.  NIST 1547 peach leaf standard was used to 
check the accuracy of obtained %C and %N with a standard error of mean less than 0.8, 
and for δ13C and δ15N with a standard error of the mean less than 0.35 for each sample. 
 
 
4.5.  Carbohydrate Analyses 
 
 Weak and strong carbohydrate extractions and amino acids and sugars extraction 
and quantification was performed on plant tissues and soils using methods developed by 
Martens and Loeffelmann (2003) and modified by Olk (2008).  All extractions and 
analyses were performed at the United States Department of Agriculture’s National 












Figure 4.2.  Frozen organic soil cores (left) from Toolik Lake MAT site were cut 











carbohydrates, plants were weighed into autoclavable 16x100 mm glass tubes at 20 mg 
and soils at 100 mg.  Approximately 800 μL of concentrated 6M sulfuric acid was added 
to each sample and soaked for 30 minutes before diluting to 1M sulfuric acid by adding 4 
mL of Millipore water.  These were autoclaved at 121 °C for 30 minutes, centrifuged, and 
decanted into Falcon tubes.  Samples were rinsed with 1 mL water, centrifuged, and 
decanted twice more, then were neutralized to pH 5.5-6.5 and diluted.  These 
supernatants were analyzed for weakly extractable carbohydrates.  The extracted plant 
and soil residues were dried overnight in a 60 °C oven.  Then 300 μL of 18M sulfuric 
acid was used for cellulose (strong carbohydrate) extraction. These sample soaked in acid 
for 30 minutes before dilution to 1.5M sulfuric acid with 3.3 mL of Millipore water and 
autoclaved for 30 minutes at 121 °C.  Samples were centrifuged, decanted, and rinsed 
three times similarly to weak carbohydrates and then neutralized and diluted.   
 Analysis of extracted fucose, arabinose, rhamnose, galactose, mannose, xylose, 
and weak acid extracted and strong acid extracted glucose were performed using a 
Dionex ICS-5000 Electrochemical Detector with a 2 mm CarboPac PA-10 column.  The 
column had a 2 mm Aminotrap guard column and two IonPac ATC-3 anion trap columns.  
The column compartment was kept at 20 °C for 37 minutes with an isocratic 4.5 mM 
sodium hydroxide eluent gradient.  Each carbohydrate was calibrated with a standard 
compound calibration suite.  Percent standard error of the mean for the sum concentration 
of carbohydrates is less than 15% though some individual compounds had higher percent 
standard error especially in cases of low concentrations.  Additionally, the peaks for 
xylose and mannose elute closely and can be difficult to cleanly separate other than in the 
optimum analytical performance and under very high concentrations.  The percent 
carbohydrate C of total C was calculated by normalizing each compound’s concentration 









4.6.  13C-TMAH Thermochemolysis in GC/MS 
 
 Powdered samples, approximately 150-400 μg, were loaded in a platinum boat 
along with 1 μL (200 ng) of eicosane standard spike (nC20) and 4 μL of 25 wt% in water 
13C-TMAH compound (Klotzbücher, et. al, 2011). Samples were allowed to soak in the 
labeled TMAH for approximately 15 minutes in the Shimadzu Pyro4a holding chamber 
before being dropped into the 350 °C reaction zone of the Pyro4a where hydrolysis and 
methylation occurs.  A GC-17A Shimadzu gas chromatograph separating compounds on 
a fused silica column (30 m length) with a QP5000 or QP5050A Shimadzu quadrupole 
mass spectrometer interface to the Pyro4a was used for quantification of lignin and 
sphagnum acid determinations in plant and soil specimens.  The GC oven temperature 
was programmed to ramp from 60 °C (1 min) to 140 °C (at a rate of 10 °C/min) and 
finally to 300 °C (at a rate of 6 °C/min, held for 20 min), and the MS collected ions with 
an m/z ratio of 40-550.  An internal laboratory standard was run and evaluated each 
morning to ensure accurate instrument performance, including a suite of commercially 
available compounds such that there was 200 ng of each compound per 1 μL of the 
mixture:  G4, G6, S4, S6, and nC20.  Approximately one half of the samples were run in 
duplicate with the limitation being reagent cost, and average standard error of the mean 
of duplicates for total SGC compounds, lignin, and phenols was approximately 20% for 
both plants and soils.  
 
 
4.7.  Statistical Analysis 
 
 For plant distribution data, all quadrat points (n=25 for each zone) were used for 
testing difference of the means for percent plant cover.  Since individual plant species 
were pooled by experimental zone for D, I, and L before analysis (n=1 for each species 
by treatment zone), statistical analysis could not be performed for individual species by 
zone.  Thus differences in means for each chemical proxy were tested by functional 




functional group in the control.  Functional groupings are as follows: shrub leaf (B. nana 
and S. pulchra), shrub stem (B. nana and S. pulchra), graminoids (C. bigelowii and E. 
vaginatum), and bryophyte moss (Sphagnum spp).  However, since moss was pooled as 
one sample each for D, I, and L zones (again, n=1 by zone), differences were also tested 
between the control averages and the overall treatment averages for all data since moss 
was of particular interest for investigating possible chemical changes from snow depth.  
In this way for moss samples, n=3 for ambient control and n=3 for average treatment.  
For other functional groups, n=6 for the control, and n-6 for average treatment in this way. 
 Unlike for the pooled plant species, litter (0-2 cm) and soil (> 2 cm depth) 
samples were comprised of three distinct sample plot locations at the numbered 1, 3, and 
5 sites for each treatment zone (n=3), with the Low snow depth zone having an additional 
core from field replicate (n=4).  Because of restrictions in the mass of litter, not all cores 
samples could be assayed for carbohydrate compounds.  Specifically, plots D-1 and L-5 
(rep #1) do not have carbohydrate values so n=2 and n=3 respectively for Deep and Low 
treatments.  Testing was also done for control versus average treatment (n=3 and n=10 
respectively) for consistency with testing of plant means in this latter manner.   
 All statistical analyses were run in SAS 9.3 using one- and two-way ANOVAs 
(see SAS Codes in Appendix A) for testing differences between plant functional groups, 
within functional groups by zone, and for soils by depth by zone. Significance testing was 
conducted using Bonferroni corrections, and a significance level was set at α = 0.05 with 
p-values reported for all significant comparisons.  In this paper, we define p-values of 
0.05-0.10 to be mildly significant since there is high variability seen from the micro-
topography differences at the site, and this signal may still be noteworthy.  Differences in 
means were tested for the following parameters:  % C, % N, C:N, percent carbohydrate C 
of total organic C, GM:AX, relative proportion of individual carbohydrates to total 
carbohydrate yield, total SGCi monomer concentration (mg/100 mg OC), relative lignin 
and phenolic composition of SGCi monomers, and relative contribution of S, G, and Ci 
monomers of total lignin.  Means were reported with ranges or “standard deviation” 
representative of variability by functional group, zone, or treatment.  High variability in 




influence of the snow fence, but more likely these deviations were due to high 
heterogeneity and micro-topography variations inherent at the MAT site.  Data for all 
analytical averages of individual plant and soil samples (by species, and zone) are 
available in Appendices B-I.  “IND” denotes individual runs due to sample mass 
available, and “N/A” denotes no available standard error of the mean thusly, or denotes 








5.1.  Vegetation Distribution and Discussion 
 
 Results of the estimates of average percent vegetative cover of the major plants at 
the snow fence experiment from the August 2012 sampling showed that a treatment 
effect is evident, but only in the Deep snow zone (Figure 5.1).  Specifically, Control, 
Intermediate, and Low zones were composed of statistically indistinguishable 
distributions of the five major species with a decreasing order of dominance from 32-36% 
E. vaginatum, 17-27% Sphagnum spp., 13-16% B. nana, 3-5% S. pulchra, and 1-4% C. 
bigelowii.  The Deep zone, however, had significantly higher Sphagnum and C. bigelowii 
cover, and significantly lower E. vaginatum and B. nana cover than all other zones.  Salix 
cover was not significantly different for any zones (see Appendix A for data and SAS 
code).  Specifically, the Deep zone, exhibited 54% Sphagnum spp. coverage with wet 
sedge C. bigelowii being second most abundant at 25% cover.  Additionally, the Deep 
zone showed a large difference in E. vaginatum cover with a markedly lower percent 
cover of only about 3% total, while B. nana and S. pulchra made up about 5% cover each.  
It should also be noted that the Deep zone had standing water in many of the quadrats at 
the time of sampling, but submerged species, usually Sphagnum spp. or C. bigelowii, 
were included in the estimates.  No standing water was observed in plots in the other 
zones.  Table 5.1 shows the averages and ranges of percent species coverage sampled per 
zone.  High standard deviation of the average percent cover in the 25 quadrats per zone 
emphasizes the heterogeneity across the experimental site, for example, the average cover 
of Sphagnum in the Low zone exhibited a nearly 90% deviation from the mean across the 







Figure 5.1.  Cumulative Toolik Lake MAT percent plant cover estimate averages by zone 
(n=25).  “Other” includes seven minor cover species of dwarf evergreen shrubs, fruit-






Table 5.1.  Average vegetation percent cover estimates with standard deviation within 







5.2.  Plant Elemental Composition 
 
 As discussed previously in the statistical analysis section of Methods, the 
difference in chemistry among plant functional types, where the grouping is by 
graminoids (C. bigelowii and E. vaginatum), shrub leaf (B. nana and S. pulchra), shrub 
stem (B. nana and S. pulchra), and moss (Sphagnum), was tested between groups for 
input source investigation, and within groups across the snow depth zones.  Difference of 
the means between functional groups only, not by zone, was explored to understand how 
each plant type accumulates C and N (see SAS Code 1 in Appendix A).  Tables 5.2-5.4 
show the site-wide averages and standard deviations of wt % C, % N, and C:N, along 
with p-value matrices from significance testing.  Moss had significantly lower carbon 
content at 42.29% C while shrub leaves and stems had the significantly highest carbon 
content at 50.02-50.32% C, respectively.   Graminoids were significantly different than 
all groups with moderate carbon content of 46.57% C (Table 5.2).   Moss and shrub 
stems had the significantly lowest nitrogen content at 0.66% N and 0.67% N, respectively.  
Graminoid and shrub leaves had the significantly highest N content at 1.91% and 2.09% 
N, respectively (Table 5.3).  The C:N ratios exhibited a wide range in values where 
graminoid and shrub leaf tissues had the lowest C:N at 26.0 and 24.5 respectively and 
shrub stems had the highest C:N of 81.4.   Moss exhibited an intermediate C:N of 65.0 
and was significantly different than all groups (Table 5.4).  These variations in C:N were 
due to significant differences in both % C and % N between functional groups, but 
where % C was not significantly different, for example in shrub leaves and stems, the 
higher % N in leaves was the driver the lower C:N ratio compared to shrub stems.  This 
phenomenon was similar between graminoids (high % N, low C:N) and moss also.   
 Differences in mean elemental composition within functional groups were tested 
by zone to determine if a snow depth treatment effect altered intra-species plant 
chemistries (see SAS Code 2 in Appendix A).  The results indicated no statistically 
significant differences for % C within each functional group by snow accumulation zone.  
For % N, however, statistically significant differences were observed in that i) Deep 





Table 5.2. % C for all plants by functional group across experimental zones at MAT site 
at Toolik Lake as averages with p-values reported for significant comparisons between 




Table 5.3. % N for all plants by functional group across experimental zones at MAT site 
at Toolik Lake as averages with p-values reported for significant comparisons between 













Table 5.4.  C:N for all plants by functional group across experimental zones at MAT site 
at Toolik Lake as averages with p-values reported for significant comparisons between 












N); and ii) Deep shrub leaves (2.86% N) contained more nitrogen than those in the 
ambient Control (2.01% N), Intermediate (1.83% N), and Low shrub leaves (1.84% N).  
However, C:N was not significantly different within each functional group by zone. 
 Difference of the means by control versus average treatment zones (D, I, and L 
averaged as one effect) were also tested (see SAS Code 2 in Appendix A).  No 
statistically significant overall treatment effects are reportable for testing means of % C, % 
N, or C:N in this manner.   
 
 
5.3.  Plant Carbohydrate Composition 
 
 Individual carbohydrate concentrations were obtained for fucose, arabinose, 
rhamnose, galactose, xylose, mannose, weak acid extracted glucose, and strong acid 
extracted glucose.  Carbohydrate content within plant functional groups and between 
zones was tested in a similar fashion to that of elemental abundance, which included 
differences of means between functional groups (see SAS Code 1 in Appendix A), 
differences within functional groups by zone (see SAS Code 2 in Appendix A), and 
within functional groups by average control versus average treatment effects (see SAS 
Code 2 in Appendix A).   
 When considering total carbon mass allocated in carbohydrates as a percent of the 
total carbon mass in the plant sample, significant differences between plant functional 
groups were observed (Table 5.5).  Specifically, shrub leaves allocated a significantly 
lower percent of the total organic carbon to carbohydrate compounds than any other 
functional group type with only 15.67%.  The order of increasing percent total carbon as 
carbohydrates among the functional plant types tested was shrub leaves < shrub stems < 
graminoids < moss with ranges from 22.40-30.53% in the latter three groups.  Moss had 
significantly more carbon as carbohydrates than shrub leaf and shrub stem only.   
 For the sum of the concentrations of carbohydrates (mg/g OC), shrub leaves 
exhibited significantly lower total carbohydrates than any other functional group, and 













Table 5.5.  Average percent of total carbon allocated in carbohydrates for all plants by 
functional group across experimental zones at MAT site at Toolik Lake with p-values 












order of increasing total carbohydrate concentration was shrub leaves (389 mg/g OC), 
shrub stems (558 mg/g OC), graminoids (658 mg/g OC), and finally moss (754 mg/g OC).  
Differences in the relative proportions of individual carbohydrate compound 
concentrations, as a percentage of the total carbohydrate concentrations, were also 
compared among the functional groups (Figure 5.2).  Fucose only differed for graminoids 
and shrub leaves, though fucose concentration is small in all samples and ranged from 
0.48% in graminoids to 0.97% in shrub leaves. Rhamnose was different across all groups 
except between graminoids and stems.  Galactose was significantly higher in moss than 
any other group, and higher in shrub leaves than graminoids and shrub stems.  Mannose 
was significantly higher in moss than any other group, and concentrations were near zero 
for the other groups and were not statistically different from each other.  Arabinose was 
significantly lower in moss than any other group, and shrub stem was lower than shrub 
leaf.  Xylose was only significantly different for moss (lowest) compared to graminoids 
and shrub stems. Weak acid extracted glucose is significantly different between all 
groups except graminoids and shrub stems, and graminoids and moss.  Strong acid 
extracted glucose was different between all groups except for moss and shrub stem, and 
graminoids and shrub stem.  
 Plant functional groups were tested for the GM:AX microbial sugar proxy to 
investigate its applicability for relative source of sugars in these Arctic soils. Moss was 
found to have a significantly higher GM:AX (2.91) than all other tissues.  Additionally, 
shrub leaf tissue GM:AX was significantly higher than that of graminoids.  Average 
ratios by functional group (Figure 5.3) in increasing order was graminoids (0.32), shrub 
stems (0.43), shrub leaves (0.69), and sphagnum (2.91).  
 No significant differences were found within each functional group by zone for 
the sum concentration of carbohydrates, percent carbohydrate C of total C, GM:AX, or 
proportion of individual carbohydrates to the total of carbohydrates.  Similarly, no 
significant differences were found for any of these parameters for the average control 

































































































































































Figure 5.3.  GM:AX ratio of plant functional groups from MAT site at Toolik Lake.  













5.4.  Plant Lignin and Phenolic Composition 
 
 SGCi lignin phenol and non-lignin phenols extracted by 13C-TMAH 
thermochemolysis were compared between functional groups (see SAS Code 1 in 
Appendix A), then also by zone within functional groups (see SAS Code 2 in Appendix 
A) and by average control versus average treatment within functional groups (see SAS 
Code 2 in Appendix A).  Parameters tested included total concentrations of SGCi 
monomers extracted (mg/100 mg OC), corrected SGCi lignin phenols (mg/100 mg OC), 
and SGCi non-lignin phenols (mg/100 mg OC).  Additionally, the relative percentage of 
lignin SGCi and non-lignin SGCi phenols of total SGCi, ratios of lignin-derived G, S, 
and Ci monomers, and the Sphagnum Ratio (SR%) were investigated. 
 Between plant functional groups, nearly all exhibited significant differences from 
each other in total SGCi concentration with the exception of shrub leaves and stems (3.11 
and 2.39 mg SGCi/100 mg OC respectively).  Moss contained the least of these 
compounds with a concentration of 0.49 mg SGCi/100 mg OC, and graminoids had the 
highest concentration at 4.22 mg SGCi/100 mg OC.  Moss also had the lowest SGCi 
lignin content, 0.16 mg/100 mg OC, but was not significantly different than lignin 
content of shrub leaves, 0.72 mg/100 mg OC.  Shrub stems and graminoids were each 
significantly different than all other groups for SGCi lignin concentration at 1.73 and 
2.95 mg/100 mg OC, respectively.  With respect to total non-lignin SGCi phenols, 
calculated by subtracting lignin SGCi concentration from total SGCi concentration, these 
were statistically different between all groups, except for moss and shrub stems, and 
ranged from 0.31 mg/100 mg OC in moss to 2.40 mg/100 mg OC in shrub leaves.  Table 
5.6 shows these concentrations and standard deviations by functional group.  
 The relative contributions of SGCi lignin and SGCi non-lignin phenols to the total 
SGCi monomers extracted were compared among the plant functional groups.  Percent 
SGCi lignin ranged from 23.48% in shrub leaves to 72.45% in shrub stems. Graminoids 
(70.87%) were intermediate in concentration and indistinguishable from shrub stems.  
Moss contained 33.96% lignin in all SGC compounds, but recall (see Chapter 2) that 




other functional, thus the low absolute lignin concentration stated above (Abbott et al., 
2013).  Conversely, nearly all functional groups were statistically different from each 
other for percent SGCi non-lignin phenols except graminoids and shrub stems, with a 
range of 27.55% in shrub stems to 76.52% in shrub leaves (Table 5.6).   
 The relative concentration of each of the three G, S, and Ci lignin monomers to 
the total yield of SGCi lignin monomers (i.e. G/SGCi, S/SGCi, and Ci/SGCi does not 
include any non-lignin phenols in the ratios) has been used to assess the source of plant 
species and organ in soils and sediments (Filley et al., 2008; Routh et al., 2014).  These 
ratios are reported in Table 5.7 among the plant functional groups.  Graminoids and moss 
have similar guaiacyl contributions (0.16 and 0.10 fractions) with all other groups 
significantly different from each other.   Guaiacyl contribution is 0.45 for shrub leaves 
and 0.36 for shrub stems.  Syringyl components are similar for moss and shrub leaves 
(0.05 and 0.10 respectively) with all other groups significantly different from each other.  
Syringyl contribution is 0.22 and 0.53 respectively for graminoids and shrub stems.  
Lastly, cinnamyl contribution to total lignin is statistically different between all groups 
with the increasing fractions of 0.11 in shrub stems, 0.46 in shrub leaves, 0.62 in 
graminoids, and 0.85 in moss.  Figure 5.4 shows the total concentration of individual G, S, 
and Ci components and SGCi non-lignin phenols.  SR was 0% in all tissues except moss, 
which had an SR of 84%.   
 Plant functional group tissue lignin and phenol chemistry was compared by zone 
to determine if there was an effect of snow depth on plant functional group chemistry.  
The results showed no significant differences were found for any group by snow depth 
zone for total SGCi, SGCi lignin, or SGCi non-lignin phenols (mg/100 mg OC), nor for 
the percent lignin or phenol, or for any G, S, or Ci ratios of total SGCi lignin.  No 
significant differences were found for any of these parameters within functional groups 









Table 5.6.  Averages and standard deviations for SGCi parameters by functional group 






Table 5.7.  Ratios of G, S, and Ci lignin monomers to the total yield of SGCi lignin by 
functional group from MAT site  at Toolik Lake.  Note ratios exclude any non-lignin 














Figure 5.4.  Total SGCi compounds for each functional group from MAT site at Toolik 












5.5.  Discussion of Plant Distribution and Chemistry Response in the Snow Fence Zones 
 
 The vascular dominance observed in the Control, Intermediate, and Low zones 
(refer back to Figure 5.1) was consistent with previous studies at the MAT snow fence 
site.  In an unpublished thesis study, J.A. Mercado-Díaz (2011) documented a progressive 
shift from bryophyte cover to graminoids and shrubs in a larger area around the Toolik 
study plot from 1989-2008 which they attributed to soil moisture conditions from 
summer rainfall.  Wahren et al. (2005), who also observed such shifts specifically in the 
MAT snow fence site from 1994-2002 attributed these changes to greater nutrient 
availability from increasing summer precipitation and winter snow depth from the fence 
rather than summer warming of air temperatures.  In van Wijk et al. (2004), manipulated 
plots at Toolik Lake with N fertilization, air temperature increases, and a combination of 
both showed a positive correlation with shrub and graminoid biomass, but a negative 
correlation with bryophyte biomass.  Studies at the Abisko Scientific Research Station, 
Sweden, demonstrated other related phenomena within snow fence manipulations, such 
as increases in greenness duration, height, and flower tillage density in Eriophorum 
graminoid species especially, as well as the formation of small thermokarst depressions 
that pond water at the surface under thicker snow pack (Johansson et al., 2013).  
 The observations presented in this thesis related to the plant species coverage in 
the Deep zone, are however, in contrast to the published findings of observations made 
ten years previously in Wahren et al. (2005), though the cover estimates were made using 
different methods, but indicating the dynamic nature of the plant communities under this 
experiment.  Other studies have highlighted how the effects of changing hydrology, 
temperature, and other environmental factors in these ecosystems are often ephemeral or 
short-lived and are continuously changing (van Wijk et al., 2004).  Since the Deep zone 
was waterlogged at the time of sampling in 2012, it is possible that an ecosystem rebound 
to more water-tolerant bog species like Sphagnum spp. and Carex bigelowii is underway.  
Sphagnum dominance most likely is the result of a coupled effect of permafrost melting 
under the deeper snow pack and the weight of the deep snow accumulation causing 




water saturation, soil subsidence, and vegetation shifts have on soil biogeochemical 
processes are potentially numerous including slower litter and soil degradation due to 
periodic anoxic conditions, accumulation of slowly decomposing Sphagnum, and the 
leaching of specific water-soluble organic compounds like carbohydrate monosaccharides 
that have been hydrolyzed by microbial enzymes or lignin monomers that have been 
cleaved at the β-O-4 linkage liberating phenols.  Sphagnum moss cover is important in 
considering other ecosystem dynamics because it exhibits some very distinct organic 
chemistry, for example in its carbohydrate character as it produces significantly lower 
relative percentage of arabinose than all other functional groups, lower percent of xylose 
than graminoids and shrub stems, and a higher percentage of galactose and mannose than 
all other groups.  This combination drives the significantly higher, more microbial-like 
GM:AX in moss than any other group.  
 In terms of the chemical changes within plant species under deeper snow, the 
significant finding of an increase in nitrogen content in graminoids and shrub leaves is 
important for considering N cycling in these ecosystems.  This increased incorporation of 
N to tissues could be due to multiple effects including deeper rooting depth, enhanced 
ammonium and nitrate deposition from deeper snow, and species specific life strategies, 
like graminoids’ ability to uptake a wider array of organic N types from soil (Schimel et 
al., 2004; Weintraub et al., 2005; Johansson et al., 2013).  It is also important to consider 
that higher N mineralization rates have been documented in the Deep zone because of the 
warmer soils and enhanced nutrient cycling in soils that experience deeper snow (Schimel 
2004).  Shaver et al. (2014) notes that graminoids like Eriophorum spp. and Carex spp. 
are quicker to respond to environmental changes in soil like this increased N because 
their basal stem structures pose fewer constraints to their productivity, and thus 
graminoids can quickly dominate ecosystems undergoing environmental change.  
 In previous plant decomposition studies, N was found to be more rapidly lost 
from Sphagnum than other vascular tissues or soil organic matter itself, resulting in 
significantly higher N mineralization rate in these Sphagnum dominated bogs  
(Verhoeven et al., 1990).   Thus, plants able to respond to this increase N supply like 




graminoids and shrub leaves in this study (Table 5.3).  In fact, previous work at Toolik 
Lake highlighted the species-specific advantages of some plants like the graminoids in 
their ability to take up different forms of N from their environment, including organic N 
(Weintraub et al., 2005).  The shrubs investigated also showed higher N in leaf tissue and 
may also be able to take up this available resource unlike the mosses, which showed no 
change in N content with snow depth.  This has important implications in a warmer 
Arctic for nutrient quality in plant litter in that it may become easier to degrade with 
decreasing C:N ratios (Shaver et al., 2014).  
 Whatever factors allowed for the greater uptake of N in the Deep zone in 
graminoids and shrub leaves, there was no corresponding effect on any other nutrient-
based parameter like % C, sugar, lignin, or phenolic composition in plant tissues.  Given, 
however, that the data presented herein was from a one-time sampling, August 2012, it is 
quite possible that there was a bias related to seasonality and the timing of plant response.  
In fact, the timing of sampling has been shown to be a factor in plant chemistry in other 
Arctic system studies, both for N content and carbohydrate storage (Chapin, 1989; 
Welker et al., 2005; Weintraub et al., 2005; Farrer et al., 2013).  Sampling plants in fall 
right before snow accumulation and in spring after recent snow melt may also reveal 
significant changes in carbohydrates stored in plant tissues by snow zone because sugar 
content has been positively correlated to cold-resistance and spring emergence responses 
in plant tissues (Farrer et al., 2013) 
 Even though the measured increased % N in graminoids and shrub leaf tissue did 
not significantly change the overall C:N ratios by zone, these groups still have the lowest 
C:N among the functional groups and thus would in theory be the litter that would 
represent the highest nutrient quality and most rapid decomposition in soils (Osler and 
Sommerkorn, 2007; Bonanomi et al., 2013; Shaver et al, 2014).  Other factors like lignin 
content, tannin content, and sugars also factor into rates of decay (van Breemen, 1995; 
Creamer et al., 2012; Klotzbücher et al., 2013).  The parameters C:N, lignin:N, and lignin 
content have been correlated to decomposition rates and thus indicators of litter quality, 
but reports suggest that these independent indicators are not sufficient in models alone 




success in degradation models during different phases of decomposition.  For example, 
Aerts and Caluwe (1997) indicated a negative correlation between litter decomposition 
rate and C:N and lignin:N ratios but no correlation with overall lignin content in Arctic 
settings.  Therefore, it is important to consider many factors in the Arctic degradation 
models.  If Arctic ecosystems are increasing in shrub and graminoid species, which bring 
in greater lignin but also can respond to N uptake, as these result demonstrate (Table 5.3), 
what will the net effect be?  Will NPP and lignin contribution to soils be high enough to 
outpace decomposition facilitated by increased bioavailable N in the system?  Thus these 
complicated interactions in the Arctic prove difficult to use organic chemistry of plants 
and litter in models to accurately predict changes in the carbon cycle under warming 
conditions.  This is fertile ground for future Arctic biogeochemistry research.  
 NPP-driven controls then also deserve close attention when coupled to plant-
specific responses observed in this thesis (widely variable chemistry and the ability to 
access soil N).  With the predicted increase in graminoids and shrubs under the current 
Arctic warming scenarios (Mack et al., 2004; Johansson et al., 2013), this would increase 
litter input from low C:N shrub leaves and graminoids (whereas the more permanent 
shrub stem structures likely contribute largely to soil lignin through roots).   This change, 
coupled with decreasing input from poor-quality Sphagnum, would result in an input of 
N-rich litter that could potentially induce relatively greater soil and plant tissue 
degradation.  Such a scenario may be responsible in part for the observed past increases 
in respiration in Deep zone soils at this site (Schimel et al., 2004) at a time when shrubs 
and grasses has expanded therein  (Wahren et al., 2005).  Another factor to consider in 
the plant chemistry-decay feedbacks is that shrub leaves also contain a very high 
proportion of SGCi phenols compared to lignin, and the impact these compounds have on 
microbial activity merit attention as well.  Tannins produced in leaves are known to 
influence N-binding and carbohydrate stabilization, and also moderate the activities of 
soil and microbes (Madritch et al., 2007).  Different proportions of S, G, and Ci lignin 
monomers and percent SGCi phenols observed between the plant functional groups 
herein were consistent with typical values expected, i.e. G/SGCi approximately equal to 




of phenols in shrub leaves.  It has been proposed that ease of lignin monomer degradation 
increases in order of Ci (unmethoxylated) < G (methoxylated) < S (dimethoxylated) 
attributed to demethoxylation being a significant transformative process in microbial 
degradation of lignin (Zarccone et al., 2008).  Additionally, the degree of lignin 
macromolecular crosslinking is highest in G-based lignin than S-based lignin or Ci-
derived structures, which have a high degree of ester bonds (Geib et al., 2008), such that 
G lignin requires more oxidative enzymatic activity to break it down.  Therefore, 
increasing input from shrub leaves and stems with the lowest proportion of Ci/SGCi and 
highest proportions of G/SGCi lignin, it is possible from these shrub tissues will be 
relatively more difficult to degrade once in litter and soil than that of graminoids, which 
are composed primarily of Ci monomers.  These important biomarkers are examined 








6.1.  Litter 0-2 cm Elemental Composition 
 
 Comparison of litter (0-2 cm) C and N elemental abundance between zones 
showed that litter in the Deep zone was significantly lower in % C (38.12%) than Control, 
Intermediate, or Low (see SAS Code 1 in Appendix C).  Additionally, Control, 
Intermediate and Low were indistinguishable and lied within a range of 43.25-44.81% C 
(Table 6.1).  No significant differences were found for nitrogen composition of litter 
which averages ranged from 0.92-1.28% N among the zones (see Appendix I.  
Additionally, no significant differences were found for litter C:N by zone, which 
averages ranged from 31 in the Deep zone to 52 in the Low zone (Figure 6.1).  
Comparison between control and average treatment indicated no significant differences 
for % C, % N, or C:N. 
 
 
6.2.  Litter 0-2 cm Carbohydrate Composition 
 
 Zone averages for the proportion of total carbohydrate C to the total OC in litter 
ranged from 25.05-36.21% with no significant differences found between the zones. 
Additionally, no significant differences in the sum of total carbohydrates, which had 
average zone ranges of 623 mg/g OC in the Deep zone to 901 mg/g OC in the ambient 
Control.  Comparing individual concentrations (mg/g OC) of carbohydrates by zone 
showed that only the weak acid extracted glucose was statistically different, being lower 
in the Deep zone as compared to the ambient Control (144 mg/OC vs 286 mg/g OC 












Figure 6.1.  Litter 0-2 cm C:N averages by snow accumulation zone at MAT site at 




terms its percentage contribution to the total amount of extractable carbohydrates.  
Additionally, no significant differences were found for the GM:AX ratio proxy in litter 
by zone, which ranged from 1.89 in the Deep zone to 5.30 in the ambient Control.   
 Comparing control to average treatment, Figure 6.2a shows that a mildly 
significant difference (p=0.0927) was evident in the percentage of total C present as 
carbohydrate C between ambient Control (36.21%) and the average of all treatments 
(28.50%). There was also a mildly significant difference (p=0.0928) for total 
carbohydrate concentration between control (901 mg/g C) and average treatment (709 
mg/g C).  These trends were primarily driven by the lower values for each parameter in 
the Deep zone.  For individual carbohydrate concentrations, no significant difference was 
found between control and average treatment for fucose, arabinose, rhamnose, galactose, 
and strong acid extracted glucose.  However, there was a significant difference between 
ambient control and average treatment for weak acid extracted glucose (286 mg/g C and 
194 mg/g C respectively).  There was also a mildly significant difference (p=0.0769) for 
mannose between ambient control and average treatment (248 mg/g C and 129 mg/g C 
respectively), and a mildly significant difference (p=0.0565) for xylose between ambient 
control and average treatment (44.08 mg/g C and 55.04 mg/g C).  In terms of the 
proportion of each individual carbohydrate to the total carbohydrate yield, the weak acid 
extracted glucose exhibited a mildly higher value in the average ambient control than the 
average treatment (32.62% and 27.24% respectively, p=0.0865) while xylose was mildly 
lower (p=0.0576) in control versus average treatment (5.03% and 8.13%, respectively).  
There was also a mildly significant difference in the GM:AX ratio (p=0.0698) where 




















Figure 6.2.  (a) Percent of total carbon in carbohydrates, p=0.0927, and (b) GM:AX ratios 
for 0-2 cm litter by average ambient control versus average treatment (TRT) litter, 












6.3.  Litter 0-2 cm Lignin and Phenolic Composition 
 
 No significant differences were found in the litter by zone for total SGCi, SGCi 
lignin, or SGCi non-lignin phenols concentrations, % lignin, or % phenols.  Total SGCi 
ranged from 1.40-1.90 mg/100 mg OC, SGCi lignin ranged from 0.51-0.86 mg/100 mg  
OC, and SGCi non-lignin phenols from 0.89-1.04 mg/100 mg OC.  Corresponding 
percent lignin and percent phenols ranged from 35.15-43.15% lignin (highest in the Deep 
zone) and 56.85-64.85% in the litter (lowest in the Deep zone).  Additionally, no 
significant differences were found in the ratios of G (0.32-0.39), S (0.15-0.20), and Ci 
(0.44-0.52) monomers to total SGCi lignin composition.  Overall, non-lignin SGCi 
phenols dominate the distributions with concentrations exceeding that of the combined 
value of S, G, and Ci lignin monomers.  Site-wide averages for these parameters are 
presented in Figure 6.3.  The SR% ranged from 0-30% in the ambient Control and Low 
zones respectively, but no zones were significantly different due to high variability of the 
core tops within zones.  Additionally, four specific dominant compounds (G6, S6, G18, 
and G14) were assessed for their percent lignin character in each litter sample, however, 
no significant differences were found by zone. These specific compounds were chosen 
because G6, S6, and G18 tend to be the most variable in percent lignin character, as they 
high contribution from a tannin source in plants, and G14 tends to be nearly exclusively 
lignin derived as determined by methoxyl contents near 100% in all plants and litter 
(Appendix D). 
 Comparing the TMAH extractable SGCi compounds in the ambient control to 
average treatment values yields no significant differences for concentrations of total 
SGCi, SGCi lignin, or SGCi non-lignin phenols, nor percent lignin, phenol, or ratios of G 
or Ci lignin monomers to total SGCi.  However, S/SGCi was mildly higher (p=0.0943) 
for ambient control than treatment (0.20 and 0.16 respectively).  No differences were 
found for SR% or percent lignin character of G6, S6, G18, or G14 in the litter tops by 














Figure 6.3.  Non-lignin phenols (Phenols) and G, S, and Ci lignin monomer composition 













6.4.  Organic Soil (4-6cm) Elemental Composition 
 
 To highlight differences that may exist between accumulating litter and the upper 
soil depths, the 4-6 cm organic soil depth was sampled and investigated for chemical 
composition.  The same statistical analyses were applied to the soil layer as were applied 
to the litter layer, comparing differences by zone and by average control versus average  
treatment (see SAS Codes 1 and 2 in Appendix A, respectively).  First by zone, % C was 
significantly lower in the Deep zone (27.19%) than in the ambient Control (43.19%) and 
Low (45.78%) zones and mildly significantly lower than in the Intermediate zone 
(41.96%, p=0.0653).  Percent nitrogen was not significantly different by zone and ranged 
from 0.86% N in the Low zone to 1.18 % N in the Deep zone.  C:N, however, was 
significantly different between Deep and Low zones only, as they were the end members 
values for both % C and % N, and the C:N ranged from 23 to 55 respectively (Figure 6.4).  
No statistical differences exist for these parameters between average ambient control and 
average treatment for the 4-6 cm organic soil.   
 
 
6.5.  Organic Soil 4-6cm Carbohydrate Composition 
 
 No significant differences were found by zone in the organic soil 4-6 cm for 
carbohydrate C as a percent of total soil OC where values ranged from 31.28-41.25%.  
Additionally, there were no significant differences in the sum of carbohydrates 
compounds where values ranged from 779-1022 mg/g soil OC in the Low and Deep 
zones respectively. No differences were found for any individual carbohydrate compound 
by zone in terms of concentration or individual relative contribution to total 
carbohydrates as a percent (presented graphically in Chapter 7, Figure 7.1).  The GM:AX 
proxy ratio was not significantly different by zone and ranged from 1.54 in the Deep zone 
to 3.12 in the ambient Control.   
 For comparisons of average ambient control versus average treatment, there was 














Figure 6.4.  Organic soil 4-6 cm C:N ratios by snow accumulation zone at MAT site at 












sum of carbohydrates in mg/g OC. There was no significant difference in GM:AX ratios 
(3.12 for average ambient control and 2.16 for average treatment) or total amount of 
individual compounds in mg/g C between ambient control and treatment either.  In terms 
of individual carbohydrates compounds as a percent of the total carbohydrates extracted, 
no difference was found for any compound except for a mild difference for arabinose as 
percent of total carbohydrates (p=0.0966) where it contributed only 4.32% of the total 
carbohydrate concentration in the ambient control zone and 9.00% in the treatment.   
 
 
6.6.  Organic Soil 4-6cm Lignin and Phenolic Composition 
 
 By zone, there were no significant differences in the 4-6 cm layer in total SGCi, 
SGCi lignin, or SGCi non-lignin phenol concentrations, percent lignin or phenols, or any 
G, S, or Ci to total SGCi lignin ratios.  Total SGCi ranged from 1.11-1.81 mg/100 mg OC, 
SGCi lignin ranged from 0.28-1.20 mg/100 mg OC (with the highest concentration in the 
Deep zone), and SGC non-lignin phenols ranged from 0.54-0.91 mg/100 mg OC (lowest 
in the Deep zone).  Corresponding percent lignin ranged from 23.44-57.54% with the 
highest percent lignin of these total SGCi compounds found in the Deep zone, and 
percent phenols ranged from 42.46-76.56% with the lowest percent in the Deep zone, 
trends similar to the 0-2 cm litter layer.  Ratios of G (0.19-0.29), S (0.16-0.30), and Ci 
(0.46-0.58) lignin monomers to total SGCi lignin were not significantly different between 
zones.  There was also no difference in the SR% though this ratio ranged from 0% 
average in the Deep zone where no sphagnum acids were measured to 22.91% in the 
ambient Control.  Analyzed for differences in means between average ambient control 









6.7.  Comparison of Litter (0-2 cm) to Organic Soil (4-6 cm) 
 
 Since most parameters for individual intervals of the 0-2 cm litter and 4-6 cm 
organic soil previously discussed in this section did not show significant differences by 
zone, these site-wide averages from these two intervals were also compared for insight 
into how the litter chemistry may be being translated into deeper organic soil horizons 
(see SAS Code 1 in Appendix A).  By using site-wide averages for each interval, by 
depth, there were no significant differences in any elemental, carbohydrate, or SGCi 
parameter except for the ratio of G lignin monomers to total SGCi lignin.  This G/SGCi 
ratio was significantly lower in the average 4-6 cm organic soil interval (0.25) than in the 
average 0-2 cm litter layer (0.35).  Though it was only mildly significant (p=0.0613), also 
notable was that the fraction of S lignin monomers to total SGCi lignin was lower in the 
average 0-2 cm litter layer (S/SGCi = 0.1677) than in the average 4-6 cm layer (S/SGCi = 
0.2369).   
 
 
6.8.  Discussion on Litter and Soil Chemistry 
 
 Though not many parameters tested had significant differences in means for litter 
or organic soil, the data still suggest nascent changes in soil chemistry properties under 
deeper snow that merit further investigation.  The only significant (p<0.05) difference by 
zone was lower % C in the Deep zone for both the litter layer 0-2 cm and organic soil 4-6 
cm intervals.  This was curious that no other significant differences were observed by 
zone for either interval, especially for carbohydrate parameters, GM:AX ratios, and G, S, 
and Ci lignin monomer ratios because of the significantly different vegetation observed in 
the Deep zone compared to others (as noted in section 5.1).  Specifically, plant-like 
carbohydrates like cellulose in vascular plants have been shown to degrade more rapidly 
in vascular plant dominated bogs (like in the ambient Control, Intermediate, and Low 
zones) than in Sphagnum dominated bogs (like the Deep zone) (Verhoeven et al., 1990), 




chemistry with respect to significantly different vegetative cover between zones.  Instead, 
mildly less SOC was allocated in carbohydrates in the average treatment litter, and 
GM:AX was mildly lower in the average treatment litter chemistry driven by the mildly 
lower mannose and higher xylose concentrations in the Deep zone than in ambient 
Control.  The data suggest that variation is mostly driven by lower values in the Deep 
zone for these percent of total carbon as carbohydrate C and GM:AX ratio parameters, 
and the means by zone not being significantly different is likely due to the power of the 
test where n=2 in the Deep zone because the litter 0-2 cm sample for subplot D-1 did not 
have enough mass for carbohydrate analysis.   
 Though not significant or even mildly significant, these same trends were also 
seen in the organic soil 4-6 cm by average ambient control versus average treatment with 
the Deep zone generally being the low end-member driver of high variation in these 
parameters of total carbohydrate concentrations and GM:AX ratios.  In Schmidt et al. 
(2011), C:N and isotopic carbon signatures indicated that subsoil carbon is largely 
composed of compounds of microbial rather than plant origin with the conclusion that 
vascular plant sugars are generally more quickly degraded in litter and soils.  In 
agreement with this, high GM:AX ratios of 0-2 cm litter and 4-6 cm organic soil herein 
(ranging from 1.89-5.30 overall) indicated that both intervals were largely composed of 
microbial-derived compounds rather than plant-derived.  However, these GM:AX ratios 
were also similar to those observed in the live Sphagnum moss samples (GM:AX of 2.91).  
Thus with the interpretation of this GM:AX ratio as a chemical tracer alone, it is 
equivocal whether the proxy indicates more microbial activity and sugars, more moss 
input and selective preservation of galactose and mannose, or a combination.   
 Again though not significantly different, percent lignin was generally higher in 
the Deep zone for both intervals in contrast to what was expected based on the non-
vascular dominance observed there.  This could be due to water-logged anoxic conditions 
inhibiting microbial activity increasing relative lignin preservation.  The fact that neither 
interval 0-2 cm litter or 4-6 cm organic soil showed significant responses to deeper snow 




the surface and translocated compounds deeper in the profile.  Compositional changes 
between these two intervals is examined further in Chapter 7 in plant and soil interactions.   
 Overall, this data suggesting that deeper snow pack is indeed decreasing the 
percent of litter and soil organic carbon is an important finding since there were no 
significant changes in other C-normalized parameters in soils or plant tissues to explain 
this loss of soil carbon.  However, there seems to be a threshold of snow depth that must 
be accumulated in order to induce these changes as the trends were not statistically 
significant in a liner fashion in intermediately increased or reduced snow compared to the 
ambient control.  Three mechanisms are proposed to be the drivers of these changes or 
trends in soil chemistry observed under deeper snow:  1) enhanced decomposition, 2) 
changing plant cover and input to soils, and in some cases, intra-species plant chemistry, 
and 3) leaching of water-extractible organic matter (WEOM).   
 In terms of enhanced decomposition, increased effluxes of CO2 have already been 
observed in several other studies for soils experiencing deeper snow, which was largely 
attributed to warmer winter soils allowing for continued and enhanced microbial activity 
while NPP is halted (Walker et al., 1999; Schimel et al., 2004).  Exhibited in the average 
treatment effect of deeper snow in this study, decreasing carbohydrate storage in soils has 
been proposed to be an effect of increased plant-available N (which has been previously 
observed at the MAT site under deeper snow in Schimel et al., 2004, and Weintraub et al., 
2005), synchronously resulting in a shift in allocation of carbon from roots to above-
ground biomass, especially in leaf structures (Farrer et al., 2013).  This emphasizes the 
need for simultaneous investigation of soil physical and chemical properties, gas efflux, 
nutrient mineralization rates, and plant biomass in these Arctic ecosystems experiencing 
deeper snow because enhanced decomposition and increased above-ground biomass both 
seem a plausible driver, at least in part, for the changes observed in this study.    
 No significant differences in % N, carbohydrate, or lignin parameters in the litter 
or organic soil intervals corresponding to the significantly different vegetative cover in 
the Deep zone suggests that changing plant cover and input to soils is a less likely 
mechanism controlling the decreased % C observed.  For example, the only significant 




shrub leaves also suggests that intra-species plant chemistry is not an operative 
controlling mechanism on the % C decrease observed in the Deep soils.  Together, these 
results agree with the supposition that the chemical composition of organic matter in the 
litter and soils is not alone enough to predict degradation, and changes in soil chemistries 
observed may be largely driven by environmental and biological factors rather than 
vegetation shifts (Sollins et al, 1996; Schmidt et al., 2011).  Conclusions from Weintraub 
and Schimel (2003) reported that Arctic SOC from varying vegetative communities was 
comparably labile in laboratory incubations, further ascertaining the importance of 
environment over chemical composition as a control on SOC degradation.  
 Particularly in the Deep zone, increased snow depth was observed to cause 
changes in geomorphology (surface depressions) and seasonal hydrology.  In example, 
when plant samples were taken in July and August of 2012, the only the Deep zone had 
standing water, covering some of the vegetation, likely as a result of small thermokarst 
development, compaction by snow, and increased water supply from the thicker snow 
pack and melt.  However, later in August 2012 when soil samples were taken, the site 
was relatively dry and free of standing water comparable to the other zones.  The 
proposed mechanism of water table fluctuations and soil saturation has previously been 
shown as an effective driver for differential degradation and translocation of organic 
compounds (Delarue et al., 2011; Abbott et al., 2013).  Thus leaching of water-soluble 
organic matter, including carbohydrates and SGCi lignin and non-lignin phenols, by 
periodic drying and rewetting of soils is also a plausible partial explanation for the 
observed decreases in soil organic C under the deepest snow accumulation.  The deeper 
soil profile to where these carbohydrate and lignin constituents may be being transported 
deserves attention, and a snapshot of the composition of the full 0-10 cm soil profiles is 
given in Chapter 7.   
 Significance testing between the two intervals’ (0-2 cm and 4-6 cm) averages 
revealing few differences in any parameter is actually quite striking and important.  No 
significant differences in % C or several other C-normalized parameters, or in % N, 
indicated that the two depths have similar preservation of carbon and nitrogen.  The 




G/SGCi in the 0-2 cm litter to 0.25 G/SGCi in the 4-6 cm organic soil indicated that G 
lignin monomers are being preferentially decomposed or biogeochemically altered deeper 
in the soil profile.  Additionally, the mildly significant increase in relative proportion of S 
lignin monomers to total SGCi lignin from S/SGCi of 0.17 in the 0-2 cm litter layer to 
0.24 in the 4-6 cm organic horizon suggests preferential preservation of this monomer.   
No significant differences in the proportion of Ci lignin monomers to total SGCi lignin 
suggest that the Ci monomers are also well-preserved and translated from the litter to the 
soil chemistry.  These findings contrasted other studies in which it was concluded that G 
monomers are typically more resistant to degradation than S and Ci monomers because of 
their higher degree of macromolecular cross-linking requiring more oxidative enzyme 
activity to break down (Gieb et al., 2008; Routh et al., 2014).  This again highlights the 
importance of considering other environmental factors that largely control SOC 
degradation over chemical composition and structure of detritus because there are 









7.1.  Plant Contribution Related to Litter (0-2 cm) and Organic Soil (4-6 cm) 
 
 Significant differences between plant functional group chemistries and soil 
compositions were tested to help determine which plants, or which plant components, 
may be preferentially preserved in the soil because changing vegetative cover is projected 
to exert significant controls on the carbon budget in Arctic ecosystems.  Averages by 
each sample type (individual functional groups, litter, and organic soil) were compared 
for the same parameters as in Chapters 5 and 6.  This section denotes significant 
differences only as absolute values are previously given in text, figures, and tables for 
these parameters.   
 % C was significantly higher in shrub stems and leaves than in both the litter 0-2 
cm and the 4-6 cm layer.  %C was also significantly higher in graminoids than in the 4-6 
cm layer.  %N was significantly higher in all functional groups except for moss than the 
litter 0-2 cm layer, and %N was significantly higher only in graminoids and shrub leaves 
than the 4-6 cm layer.  C:N was significantly lower in shrub leaves than in both the litter 
0-2 cm and 4-6 cm, lower in graminoids than in 4-6 cm, higher in moss than litter 0-2 cm, 
and higher in shrub stems than both litter 0-2 cm and 4-6 cm.   
 The proportion of C as carbohydrate C was significantly higher in the litter 0-2 
cm than in shrub leaves and stems, and higher yet in the 4-6 cm layer than in graminoids, 
shrub leaves, and shrub stems.  GM:AX ratios were significantly higher in the 0-2 cm and 
4-6 cm layers than all functional groups except moss.  The sum of carbohydrates in mg/g 
OC was higher in the 0-2 cm litter than in shrub leaves and stems only, and higher in the 




individual to total carbohydrates, changes were observed on an individual compound 
basis.  Figure 7.1 shows the relative contributions of each carbohydrate for both soil 
intervals alongside that of plant functional groups for a useful visual comparison.  Fucose 
was significantly higher in the 4-6 cm than in graminoids, and arabinose was significantly 
lower in the 0-2 cm than in graminoids and shrub leaves.  Rhamnose was significantly 
lower in both 0-2 cm and 4-6 cm than in moss.  Galactose was significantly higher in the 
0-2 cm than all functional groups except moss, and higher in the 4-6 cm than in 
graminoids and shrub leaves.  Mannose was significantly higher in the 0-2 cm and 4-6 cm 
than in all functional groups except moss, and xylose was significantly lower in the 0-2 
cm litter and the organic 4-6 cm than in graminoids and shrub stems only.  Weak acid 
extracted glucose was higher in shrub leaves than anything else while strong acid 
extracted glucose was lower in both 0-2 cm and 4-6 cm than in graminoids and shrub 
stems.  Plant and soil components are compared in this manner with each carbohydrate as 
a percent of the total carbohydrates because it is easier to distinguish differences in 
relative abundances and determine drivers of differences in the GM:AX ratios.  
 Figure 7.2 shows the absolute concentrations of G, S, and Ci monomers and 
phenols to sum to the total SGCi concentration yield for the 0-2 cm litter and 4-6 cm 
organic soil alongside that for plant functional groups for visual comparison of input.  For 
SGCi content, 0-2 cm and 4-6 cm had significantly lower total SGCi compounds in 
mg/100 mg OC than graminoids and shrub stems.  This same significance was also true 
in terms of SGCi lignin concentration.  Concentration of SGCi phenols was significantly 
higher in the 0-2 cm than in moss, but lower than shrub leaves.  This concentration was 
also significantly lower in the 4-6 cm layer than in shrub leaves.  As a percent for lignin 
of total SGCi monomers, the 0-2 cm and 4-6 cm intervals had significantly lower lignin 
than graminoids and shrub stems, and the 4-6 cm layer had significantly higher lignin 
than shrub leaves.  Percent phenols of total SGCi compounds was significantly higher in 
the 0-2 cm than in graminoids and shrub stems only, and higher in the 4-6 cm than all 
functional groups except moss.  
 Means were also tested for significant differences in proportions of G, S, and Ci 





Figure 7.1.  Comparison of all MAT Toolik Lake samples’ relative contribution from 
each carbohydrate as a percent with plant functional groups, 0-2 cm litter layer, and 4-6 




Figure 7.2.  Concentrations of all SGCi components compared across plant functional 




plant origin since plants produce unique proportions of these of the SGCi  lignin 
monomers and can suggest which tissues are preserved in soils.  Relative proportions of 
each S, G, Ci monomer and phenols of total SGCi yield from plants and soils (0-2 cm 
litter and 4-6 cm organic layer) are presented in Figure 7.3 as percentages of the total 
SGCi yield.  The G/SGCi fraction was significantly higher in the 0-2 cm than in 
graminoids and moss only (indicating shrub origin), and higher in the 4-6 cm than in 
moss.  However, this fraction of G monomers was also significantly lower in the 4-6 cm 
layer than in shrub leaves and stems.  The fraction of S monomers in the 0-2 cm and 4-6 
cm was significantly higher than in moss but lower than shrub stem.  This fraction was 
significantly higher in the 4-6 cm than in shrub leaf also.  Lastly, the fraction of Ci 
monomers was significantly lower in the 0-2 cm litter than in graminoids and moss but 
higher than in shrub stems.  Ci fraction was significantly lower in the 4-6 cm than moss, 
but higher than in shrub stems also.  Figure 7.4 shows the ratio of Ci to G monomers of 
individual plant and soil depth samples by zone to examine where the soils lie on the 
range of Ci/G lignin in plants to investigate similarities for taxonomic source.   
 
 
7.2.  Discussion on Plant Contribution Related to Litter and 4-6 cm 
  
 Significance testing above provided additional insight for the same hypothesized 
drivers listed in Chapter 6.8 (enhanced decomposition, changing plant cover and input, 
and leaching of WEOM) responsible for the changes seen in the Deep zone % C.   
Considering significantly different proportions of plant species coverage for the Deep 
versus the other zones and that each functional group generally has distinct chemistries 
of % C, % N, carbohydrate concentration, and S,G, Ci lignin and phenolic composition, 
these differences were expected to be represented in the litter layer chemistry. To 
compare plant input to “soils,” some general trends were observed considering both 0-2 
cm and 4-6 cm intervals together since no significant differences were found between 




































































































































































In general, the soils were observed to be most like moss in % C, but C:N values lied 
between the low (graminoids and shrub leaves, ~25) and high (shrub stems and moss, 
~70) at around 40 due to % N of soils also lying between those two end members.  
Encroachment of the graminoids and shrub leaves into this previously high C:N moss 
dominated ecosystem could largely be responsible for altered nutrient cycling and the 
lower C:N of soils, especially litter, than would be expected.  For example, since the 
Deep zone was predominantly moss covered (55%), higher C:N ratios were expected in 
the litter than say areas dominated by graminoids and shrubs as in every other zone 
(contributing low C:N leaf litter from graminoid and shrub leaves).  However, results 
showed that the Deep zone had the lowest C:N of all zones, suggesting the magnitude of 
effects that simply encroaching vascular plants have on the ecosystem especially by 
returning nitrogen to the soil through detritus. 
 Soils commonly had similar values to moss in the carbohydrate parameters 
measured, including for the sum of carbohydrates, percent of total carbon as carbohydrate 
C, and relative proportions of each of the individual carbohydrates in the GM:AX ratio.  
This suggests that plant-like carbohydrates are indeed being quickly degraded in the litter 
and organic soil.  For SGCi parameters measured, soils were most like shrub leaves and 
moss with low total SGCi concentration and percent lignin.  This suggests that either 
graminoids and shrub stems not large contributors of lignin to the soil, or that lignin from 
these groups is quickly degraded in soils.  It was then useful to have G, S, and Ci 
monomer proportions to further investigate these proposed reasons for similarities in soils, 
shrub leaves, and moss.  Soils commonly had similar proportions of G monomers to 
shrub stems and leaves, similar proportions of S to shrub leaves and graminoids, and 
similar proportions of Ci to shrub leaves.  Similarities in all three monomers to shrub 
leaves suggest that soil lignin content is most largely influenced by shrub leaves.  Figure 
7.2 shows clear visual similarities in concentrations of S, G, and Ci monomers between 
shrub leaves and the soils, with comparably more SGCi phenols in the soil.   
 There could be several reasons for these observations, including:  1) graminoids 
and shrub stems are not contributing significantly to soil lignin because of their perennial 




contributed by shrub stems) is quickly degraded in the soils, in turn altering G, S, and Ci 
monomer proportions, or 3) shrub leaf lignin is well preserved in the soils because of 
their high concentrations of phenols and tannins that are poorer quality substrate for 
microbes and less quickly degraded.   
 The significant finding of only lower G/SGCi in the 4-6 cm organic soil than in 
the 0-2 cm litter (Chapter 6) suggests disagreement with agreement with the second 
hypothesis by depth.  Similar proportions of Ci and S lignin with depth in soil but 
decreased G/SGCi with depth suggests fresh litter G lignin does not persist 
biogeochemically unaltered long enough in the substrate to be incorporated into the 
deeper organic soil chemistry.   This again could be due to drying and rewetting cycles 
under the snow fence manipulation where syringyl units are less affected because of the 
additional methoxyl group that hinders nucleophilic attack of the β-O-4 linkage by water, 
and water-extractable G and Ci monomers can be lost by leaching (Killops and Killops, 
2009).  SGCi monomer ratios from the very small concentrations of lignin in Sphagnum 
also support this hypothesis.  Sphagnum takes up water directly through cell walls, and 
because contamination was mostly Ci monomers (Ci/SGCi of 0.85 and S/SGCi of 0.10) 
this suggests these monomers from graminoid and shrub stem origin were hydrolyzed and 
either taken up by the Sphagnum or taken out of the soil profile by drainage.  Recall the 
soils were waterlogged and moist in the Deep zone at the time of plant sampling but 
substantially drained and dry at the time of soil coring.  This leaching of WEOM is thus a 
primary hypothesized explanation for the lower % C observed in the deep zone from mid-
August 2012 soil sampling.   
 
 
7.3.  Carbohydrate Profiles for 0-10 cm 
 
 For the remainder of the organic profile from 0-10 cm, only elemental and 
carbohydrate data were obtained, not SGCi data.  Full profiles were not compared across 
the experiment by depth because of compaction and thermokarst effects from snow 




density measurements and 137Cs dating (unpublished works by collaborators), so depth 
comparisons by interval was only done for the 0-2 cm and 4-6 cm above to examine near-
surface preservation potential.  However, to look at some general changes within this top 
10 cm, Figure 7.5 shows full site-wide average profiles of the cores for (a) the percent of 
total carbon as carbohydrates and (b) the important indicator of GM:AX ratios.  The high 
standard deviation exhibited in Figure 7.5a suggest that the differences in percent of total 
carbon as carbohydrate C is likely not significant by depth.   While Figure 7.5b also 
shows high standard deviation, this more pronounced decreasing GM:AX ratio indicates 
a decrease in microbial-like sugars with depth in the profile.  
 Delarue et al. (2010) presents a parameter ratio of carbohydrate sugars similar to 
the GM:AX ratio defined herein but with the numerator and denominator switched, 
which also includes rhamnose, i.e. (arabinose+xylose):(galactose+mannose+rhamnose).  
However, similar trends were still observed with increasing relative concentrations of 
galactose and mannose (and rhamnose in Delarue et al., 2010) and decreasing relative 
concentrations of arabinose and xylose with depth in the soil profiles.  Additionally, 
Delarue et al. (2010) reported generally lower GM:AX ratios in wetter conditions than in 
drier Sphagnum bog sites, which was also hinted at in the data herein where experimental 
zones tend to have lower ratios in the first 0-10 cm (Figure 7.6).  These overall changing 
relative proportions of carbohydrates driving the lower GM:AX ratios with depth could 
be indicative of decreasing microbial sugars, or increasingly plant-like sugar input deeper 
in the soil profiles as a function of root carbohydrate sugar production.  The two trends in 
GM:AX ratios suggest that microbial activity is highest in the upper cm of well drained 
sites as in the ambient Control plots of this study, and that increased soil moisture (as in 







Figure 7.5.  (a) Percent of total carbon as carbohydrate C, and (b) GM:AX ratio for soil 
core averages across the MAT site at Toolik Lake.  Error bars represent variation 




Figure 7.6.  Individual snow accumulation zones’ carbohydrate GM:AX ratios by depth 









8.1.  Conclusions in Context of the Hypotheses 
  
 As a reminder, the following questions were addressed in this work:  1) How does 
prior winter snow depth effect the plant distribution and C and N primary and secondary 
product chemistry of the tundra plants and soils, 2) how do the changes in plant chemistry 
and relative interspecies input impact litter quality, and 3) Which plant products are 
preferentially stored versus easily degraded in litter and surface soils, and what will it 
ultimately suggest about carbon storage?  The hypotheses of this study were that deeper 
snow pack and warmer winter soil temperatures could cause changes in plant cover and 
intra-species plant chemistry (as a result of the enhanced N cycle in the soil; Miller and 
Cramer, 2005; Sturm et al 2005).  Specifically, an increase in nitrogen availability 
because of atmospheric deposition by snow, windblown organic particulates, greater rates 
of winter N mineralization, and a deepened active layer and nutrient pool could decrease 
C:N ratios in plants and therefore the primary litter input.  Increased soil N has been 
correlated to increased carbohydrate degradation in soils in previous studies (Neff et al., 
2002; Farrer et al., 2013).  Increased lignin concentration and a change in the relative 
concentrations of sugars as the vegetative cover becomes more dominated by dwarf 
shrubs and graminoids rather than lignin-free Sphagnum mosses was also anticipated.  In 
summary, results of this study suggest the following answers to the research questions 
addressed:   
 1) C was not differentially incorporated into plant tissues as carbohydrates or 
lignin as a result of deeper snow pack, but increased N in plant tissues under deeper snow 




 response, as increases were not observed when snow pack was intermediate in depth the 
prior winters, nor was there a decrease when snow depth was experimentally reduced.  
2) Graminoids and shrub leaves having the lowest C:N among the plants tested as
well as lower C:N than that of the litter and soil (which is not usually the case, Ma et al., 
2014), indicate that litter quality may improve with increased input of their detritus.  
There was a mildly significant decrease in soil carbohydrate concentration in the overall 
snow treatment, as well as significantly lower proportions of G lignin monomers in the 4-
6 cm organic layer than the 0-2 cm litter.  The decrease in soil carbohydrate storage may 
be due to the increased N input to the litter from graminoids and shrub leaves, as 
increased N has been reported to correspond to preferential carbohydrate degradation 
(Neff et al., 2002; Farrer et al., 2013;).  Lower G lignin fractions in the 4-6 cm soil than 
in litter suggest that this monomer (from which the greatest proportion is contributed to 
the soils by shrub stems and leaves) is more easily degraded more easily leached than S 
or Ci lignin, or the plants that contributed to the 4-6 cm organic soil composition were 
lower in relative G lignin.  
3) The data presented herein related to a decrease in organic C in the Deep zone
litter and soil could be explained through a microbial feedback related to increased litter 
quality (lower C/N) from increased graminoids and shrub leaves, which could facilitate 
litter decomposition by N-limited microbes.  However, other results like the decreased G 
monomer fraction deeper in the organic soil than the litter, plus incorporation of primarily 
water-extractable G and Ci monomers into Sphagnum tissue suggests leaching may also 
be a strong driver of this decreased % C under the deepest snow.   
Thus, new hypotheses to better describe the date might be:  1) changes in 
predominant vegetation cover types like encroaching graminoids and shrubs is the main 
control on nutrient cycling in this system, and 2) the snow pack’s influence on soil 
temperature and surface hydrology is the main control on SOC storage.  
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8.2.  Implications of Climate Change for Arctic C Cycling 
Increased soil wet N deposition from deeper snow and input from high % N 
graminoid and shrub leaves may quickly reduce Sphagnum’s availability to outcompete 
vascular plants, which has historically been attributed to the genus’ ability to thrive in 
moist, nutrient-poor, primarily N-limited systems (van Breemen, 1995; Delarue et al. 
2010).  Coupled effects of projected increases in vascular plant cover and increases in 
snow pack depth could alter the nutrient cycle and decomposition potential respectively.  
Thus it is important to consider changes in NPP and carbon sequestration in biomass as to 
whether positive changes in these parameters under deeper snow will outpace decreases 
in SOC storage.  
8.3.  Future Supplemental Studies 
It seems apparent that amino sugars and protein amino acids production in plants 
and soils would be of interest after examining the results of this study as one can 
determine the differential N incorporation into biological tissues with changing N 
availability as well as changes in the microbial community (Brooks et al., 1999).  As a 
future supplement to this study, amino acid concentrations should be measured in plants 
and soils to investigate snow treatment effects.  Amino acid proteins, which have the 
general structure of an NH2 amino group and carboxylic acid group attached to the same 
carbon atom, account for most of the N in biological tissues (Killops and Killops, 2009).  
Other amine-containing compounds like amino sugars would be important to investigate 
as well.  Similar to the GM:AX microbial sugar proxy, ratios of glucosamine to muramic 
acid (a glucosamine derivative) can be used as a proxy for bacterial (higher ratio) versus 
fungal necromass storage in soils (Gillespie et al., 2013).  Fungal communities tend to 
dominate in systems that are N-limited, low productivity, and poor quality substrate 
ecosystems because of their ability to metabolize organic substrates with a wider C:N 
ratio (Gillespie et al., 2013).  It is important to keep in mind that timing of sampling has 
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already been shown to influence results, as in N-mineralization rates in soils (Schimel et 
al., 2004), primarily because of the effect increasing snow depth has on the growing 
season length and melt water soil saturation, thus future studies should encompass more 
frequent sampling throughout the year to try to capture these differences in nutrient 
cycling.   
 Concurrent above-and below-ground biomass measurements across the snow 
fence manipulation site would be a great supplement to this study as well.  Increased 
availability of soil and pore water N in deeper snow sites may have the effect of 
increasing NPP (above- and below-ground) with poorly understood implications that 
different plant type input would have on SOC cycling (Weintraub et al., 2005; Johansson 
et al., 2013).  Rastetter et al. (1997) reports that increased atmospheric CO2 quickly 
resulted in an increase in plant C:N and NPP by increased efforts for N uptake by plants, 
resulting in an accumulation of N in live biomass and soils.  Top and Filley (2014) 
reported related plant responses in that the proportion of total N as amino acids increased 
while the proportion of total C as amino acids decreased in leaves under enhanced 
atmospheric CO2.  Such could currently be developing from the effects of anthropogenic 
GHG release and climate warming, but similarly to van Wijk et al. (2004), Rastetter et al. 
(1997) also emphasizes that short-term biological responses to changing environmental 
factors may be markedly different than long-term responses.   
 Lastly, it would be useful to measure CO2 and CH4 efflux from these soils 
throughout the year to investigate whether decreased soil C under deep snow is primarily 
due to enhanced efflux in winter from soil thermal insulation or in summer from 
enhanced degradation from increased N availability.  Traps should be employed to 
measure stable 13C isotopic composition of this gas also to relate to isotopic composition 
of plants and thus infer which functional types degrade the easiest in Arctic litter and 
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Appendix A  SAS Code Examples 
Code 1:  One-Way ANOVA using Bonferroni correction (bon) and the least squared 
means (lsmeans) significance testing.  Used to test difference of means for individual 
species percent cover by zone; plant chemistry by functional group; soil chemistry of 
individual depths by zone and by average treatment; and chemistries of plant functional 
groups, litter, and organic soil by site-wide averages.  Enter specifics for bolded italicized 
text.   
data  ”setname”;  
input   (Data column titles, separate qualifiers by a space and $, quantifiers by space 
only); 
datalines; 
(Copy/paste Excel data columns); 
run; 
proc mixed data= setname; 
class factor of interest, ex. Zone;  
model data column title, ex. C:N=factor of interest, ex. Zone; 
lsmeans factor of interest, ex. Zone / adjust=bon;  
run; 
Code 2:  Two-Way ANOVA using Bonferroni correction (bon) and the least squared 
means (lsmeans) significance testing.  Used to test difference of means for plant 
chemistry within functional group by zone and by average treatment, soil chemistry by 
depth by zone.  Enter specifics for the highlighted, bolded italic text.   
data  ”setname”;  
input   (Data column titles, separate qualifiers by a space and $, quantifiers by space 
only); 
datalines; 
(Copy/paste Excel data columns); 
run; 
proc mixed data=“setname”; 
class factors of interest separated by space, ex. “Zone  FunctionalGroup”; 
model data column title, ex. “C:N”=multiplied factors of interest, ex. 
“Zone*FunctionalGroup”;  























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix H  Soil Profile 0-10 cm Elemental Data 
Site Interval %C Sterr %C % N Sterr %N C:N d13C Sterr 13C d15N Sterr 15N
C-1 0-2 cm 44.78 0.05 1.18 0.00 37.99 -28.44 0.01 -2.11 0.25
C-1 2-4 cm 45.88 0.24 1.31 0.02 35.05 -28.23 0.05 -0.44 0.10
C-1 4-6 cm 46.65 0.37 1.24 0.02 37.69 -28.28 0.23 -1.02 0.19
C-1 6-8 cm 47.38 0.08 1.05 0.04 44.93 -26.16 0.10 2.48 0.01
C-1 8-10 cm 42.75 0.41 0.78 0.01 54.95 -24.93 0.06 3.37 0.20
C-3 0-2 cm 41.76 0.30 0.81 0.09 51.32 -27.89 0.06 -2.09 0.27
C-3 2-4 cm 41.09 0.39 0.76 0.01 54.32 -27.51 0.01 -1.34 0.15
C-3 4-6 cm 40.27 0.27 0.94 0.10 42.88 -27.26 0.33 -1.18 0.15
C-3 6-8 cm 4.53 0.18 0.19 0.00 24.35 -27.02 0.10 -0.23 0.12
C-3 8-10 cm 1.93 0.13 0.09 0.00 22.44 -27.26 0.00 0.63 0.73
C-5 0-2 cm 44.56 0.48 1.36 0.04 32.87 -28.86 0.12 -4.30 0.23
C-5 2-4 cm 42.26 0.26 0.92 0.00 45.94 -28.33 0.04 -3.11 0.37
C-5 4-6 cm 42.66 0.35 0.63 0.03 67.19 -27.32 0.10 -2.50 0.28
C-5 6-8 cm 39.44 0.36 0.73 0.00 53.72 -27.01 0.14 -0.88 0.22
C-5 8-10 cm 39.89 0.37 0.67 0.00 59.73 -27.31 0.01 -0.80 0.27
D-1 0-2 cm 36.34 0.05 1.15 0.00 31.66 -28.21 0.11 0.29 0.03
D-1 2-4 cm 37.97 0.04 1.09 0.01 34.77 -30.70 0.20 0.01 0.02
D-1 4-6 cm 37.59 0.19 1.24 0.01 30.35 -27.98 0.02 -0.21 0.20
D-1 6-8 cm 36.78 0.09 1.30 0.02 28.27 -28.00 0.22 -1.36 0.18
D-1 8-10 cm 31.58 0.42 1.27 0.01 24.79 -28.37 0.26 -1.01 0.13
D-3 0-2 cm 40.80 0.14 1.70 0.00 23.98 -28.04 0.01 -0.80 0.02
D-3 2-4 cm 34.86 0.61 1.74 0.01 20.02 -27.94 0.07 -1.81 0.05
D-3 4-6 cm 15.34 0.56 0.72 0.01 21.16 -26.89 0.13 -0.26 0.09
D-3 6-8 cm 3.78 0.05 0.15 0.00 25.50 -28.11 0.05 0.40 0.16
D-3 8-10 cm 3.46 0.07 0.14 0.00 24.51 -27.44 0.03 3.19 0.05
D-5 0-2 cm 37.21 0.05 1.00 0.00 37.34 -28.84 0.05 -2.51 0.19
D-5 2-4 cm 43.86 0.28 1.26 0.01 34.88 -25.93 0.21 -0.32 0.04
D-5 4-6 cm 28.64 0.13 1.57 0.00 18.25 -26.20 0.01 0.06 0.17
D-5 6-8 cm 38.28 0.04 1.49 0.03 25.63 -26.47 0.12 1.41 0.19
D-5 8-10 cm 38.28 0.04 1.48 0.01 25.88 -26.50 0.04 4.04 0.14
I-1 0-2 cm 43.77 0.04 1.22 0.09 35.85 -30.18 0.05 -3.86 0.27
I-1 2-4 cm 38.89 0.29 1.06 0.00 36.54 -28.27 0.01 1.82 0.02
I-1 4-6 cm 42.75 0.19 1.28 0.10 33.27 -28.35 0.25 -0.49 0.30
I-1 6-8 cm 33.15 0.36 1.91 0.02 17.37 -26.89 0.10 1.67 0.16
I-1 8-10 cm 30.31 0.04 1.87 0.01 16.24 -26.60 0.14 1.54 0.00
I-3 0-2 cm 41.45 0.57 0.84 0.00 49.34 -29.08 0.02 -5.82 0.10
I-3 2-4 cm 40.42 0.04 0.76 0.00 53.51 -28.32 0.07 1.14 0.03
I-3 4-6 cm 42.82 0.03 0.70 0.00 61.08 -27.25 0.00 -0.95 0.05
I-3 6-8 cm 42.44 0.22 0.74 0.01 57.69 -27.73 0.09 1.81 0.05
I-3 8-10 cm 42.50 0.27 0.91 0.00 46.67 -27.39 0.04 2.41 0.16
I-5 0-2 cm 44.54 0.37 1.21 0.14 36.66 -26.70 0.19 -3.78 0.13
I-5 2-4 cm 39.63 0.25 0.67 0.00 59.47 -27.66 0.02 0.80 0.18
I-5 4-6 cm 40.30 0.09 1.07 0.00 37.69 -27.79 0.00 -2.72 0.07
I-5 6-8 cm 41.14 0.57 1.10 0.01 37.36 -27.10 0.14 1.60 0.08
I-5 8-10 cm 31.85 0.64 1.18 0.00 26.94 -26.95 0.01 0.67 0.06
L-1 0-2 cm 46.03 0.37 0.81 0.08 56.49 -29.58 0.18 -5.50 0.28
L-1 2-4 cm 46.28 0.23 0.72 0.01 64.40 -29.30 0.05 -3.02 0.26
L-1 4-6 cm 44.31 0.32 0.78 0.06 56.69 -29.10 0.15 -2.90 0.17
L-1 6-8 cm 44.66 0.74 0.84 0.09 53.18 -28.46 0.12 -1.85 0.07
L-1 8-10 cm 44.64 0.23 1.26 0.01 35.38 -27.99 0.03 -0.13 0.05
L-3 0-2 cm 46.12 0.16 1.11 0.14 41.47 -31.16 0.21 -3.59 0.31
L-3 2-4 cm 44.89 0.45 0.91 0.01 49.50 -28.51 0.11 -3.90 0.01
L-3 4-6 cm 48.29 0.08 0.82 0.00 58.78 -27.26 0.08 -1.06 0.31
L-3 6-8 cm 45.72 0.08 0.73 0.00 62.92 -26.64 0.02 -0.53 0.08
L-3 8-10 cm 46.01 0.65 0.57 0.00 80.50 -26.39 0.03 0.65 0.34
L-5(#1) 0-2 cm 41.14 0.47 0.96 0.09 42.77 -29.36 0.18 -1.29 0.13
L-5(#1) 2-4 cm 43.50 0.18 0.84 0.00 51.86 -28.81 0.01 -3.81 0.13
L-5(#1) 4-6 cm 43.93 0.52 0.68 0.03 64.48 -26.89 0.14 -0.64 0.27
L-5(#1) 6-8 cm 45.33 0.17 0.83 0.00 54.36 -27.11 0.00 -1.24 0.07
L-5(#1) 8-10 cm 42.31 0.28 0.75 0.00 56.26 -26.59 0.10 0.22 0.10
L-5(#2) 0-2 cm 42.56 0.19 0.56 0.06 75.46 -30.01 0.18 -2.54 0.09
L-5(#2) 2-4 cm 45.09 0.11 0.79 0.00 57.44 -28.66 0.05 -1.71 0.25
L-5(#2) 4-6 cm 46.57 0.12 1.17 0.00 39.89 -27.48 0.04 -0.33 0.03
L-5(#2) 6-8 cm 40.57 0.08 1.28 0.00 31.75 -27.28 0.04 0.08 0.17
L-5(#2) 8-10 cm 39.72 0.53 1.78 0.01 22.30 -26.55 0.04 1.49 0.02
107 
Appendix I  Soil Profile 0-10 cm Carbohydrate Data (mg/g C) 
Site Interval Fucose Sterr Arabinose Sterr Rhamnose Sterr Galactose Sterr Xylose Sterr Mannose Sterr WA-Glucose Sterr SA-Glucose Sterr SumCarbos Sterr
C-1 0-2 cm 5.62 0.04 28.14 1.96 18.10 N/A 185.82 4.34 48.22 4.29 326.52 1.43 307.73 16.66 70.07 0.92 990.20 28.27
C-1 2-4 cm 8.48 0.04 43.47 1.76 20.13 N/A 123.69 3.08 66.96 1.44 190.71 8.36 337.72 7.86 94.14 7.65 885.28 17.30
C-1 4-6 cm 7.68 0.79 39.99 0.98 17.12 N/A 115.11 8.18 67.71 0.79 179.55 20.43 375.23 65.70 115.11 4.56 917.48 40.11
C-1 6-8 cm 10.19 0.20 87.50 1.88 9.32 8.51 94.56 5.72 93.80 0.49 68.41 14.09 271.86 1.70 137.37 6.28 773.01 17.10
C-1 8-10 cm 11.76 0.19 114.32 1.41 8.51 7.60 103.78 5.75 126.20 0.00 58.53 11.74 253.78 0.44 177.68 19.68 854.56 28.78
C-3 0-2 cm 9.10 0.60 33.31 3.19 52.00 N/A 194.56 0.99 44.01 15.02 348.37 14.40 289.67 26.47 76.81 4.17 1047.81 62.02
C-3 2-4 cm 10.02 0.68 39.17 2.70 58.41 N/A 194.04 0.27 50.39 12.28 318.78 0.75 264.75 26.95 88.83 5.76 1024.38 65.04
C-3 4-6 cm 8.92 0.43 40.80 2.38 34.08 N/A 133.98 14.84 49.54 0.41 227.13 17.71 223.55 4.31 60.71 11.87 778.72 11.17
C-3 6-8 cm 49.38 0.24 136.85 5.63 60.94 8.34 179.24 1.67 40.60 0.67 107.73 3.67 399.71 8.14 220.15 12.63 1194.61 27.92
C-3 8-10 cm 37.77 2.04 93.60 6.12 27.92 4.22 83.37 5.62 12.38 0.63 25.34 7.34 306.13 28.41 56.22 13.75 642.73 66.87
C-5 0-2 cm 4.98 0.85 43.10 1.19 59.31 N/A 111.54 13.74 40.01 0.54 69.47 0.07 260.60 6.50 76.76 8.10 665.78 30.40
C-5 2-4 cm 13.39 6.66 44.38 9.35 132.22 N/A 160.15 7.22 78.14 18.30 87.61 14.05 272.36 15.77 129.75 3.68 918.01 113.03
C-5 4-6 cm 8.05 0.06 28.97 2.01 78.25 N/A 148.25 19.18 65.87 0.34 99.88 0.80 287.12 5.71 144.31 12.18 860.70 40.36
C-5 6-8 cm 13.85 0.96 33.94 3.73 75.07 N/A 138.02 7.35 63.73 4.59 112.27 8.92 390.96 37.26 153.10 17.38 980.95 103.03
C-5 8-10 cm 19.22 0.81 56.52 3.19 110.07 8.21 135.71 12.80 127.52 10.15 70.31 3.84 243.01 15.96 111.34 6.95 873.70 41.62
D-1 0-2 cm N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
D-1 2-4 cm 5.64 0.22 31.81 3.60 53.08 N/A 136.12 14.23 36.27 6.10 220.35 13.05 162.14 8.92 0.90 0.08 646.31 6.89
D-1 4-6 cm 5.80 IND 42.57 IND 38.61 IND 190.88 IND 45.47 IND 210.89 IND 258.42 IND 1.32 IND 793.97 IND
D-1 6-8 cm 6.85 0.11 38.62 1.84 30.07 N/A 125.01 6.21 40.27 0.52 114.66 10.89 129.55 1.24 1.69 0.19 486.73 15.81
D-1 8-10 cm 6.70 0.32 48.71 1.48 29.45 N/A 126.70 6.68 51.36 0.49 97.95 10.82 150.91 4.92 1.62 0.35 513.40 25.09
D-3 0-2 cm 7.35 0.59 62.58 4.76 22.99 N/A 84.00 0.61 62.62 0.46 84.65 9.84 121.27 4.32 64.61 11.11 510.07 9.49
D-3 2-4 cm 10.56 0.72 69.70 1.91 32.90 N/A 103.13 1.63 60.13 3.97 103.52 14.49 173.21 4.32 48.29 12.47 601.45 17.80
D-3 4-6 cm 45.59 0.06 181.85 2.13 159.80 7.31 212.14 5.85 66.47 6.81 175.02 0.05 366.95 13.74 192.57 5.20 1400.40 36.78
D-3 6-8 cm 7.88 0.55 32.71 0.14 16.54 0.42 22.71 0.10 14.06 0.51 19.43 0.03 56.16 0.66 22.59 0.00 192.07 1.34
D-3 8-10 cm 7.13 0.85 34.93 0.76 15.05 0.25 24.18 0.36 20.74 0.30 24.60 0.37 54.97 0.83 21.38 0.07 202.98 0.65
D-5 0-2 cm 5.57 0.22 58.71 2.08 35.06 0.41 133.13 5.96 51.17 1.57 133.94 9.82 165.74 5.37 153.09 5.91 736.42 30.52
D-5 2-4 cm 5.27 0.09 53.23 0.36 20.98 0.88 69.75 0.54 48.82 0.43 70.36 2.96 130.39 2.24 95.46 0.29 494.26 7.80
D-5 4-6 cm 11.19 0.00 109.02 0.26 38.76 4.60 124.42 3.25 92.74 1.46 111.29 8.89 230.86 4.36 154.70 4.61 872.97 9.02
D-5 6-8 cm 9.62 0.11 62.22 1.68 25.85 1.13 83.03 0.06 43.43 1.54 82.22 2.93 175.97 3.42 77.48 0.04 559.82 10.91
D-5 8-10 cm 9.43 0.25 56.96 2.26 17.62 1.53 49.64 0.47 34.32 0.33 37.92 1.34 123.39 2.98 54.17 0.29 383.45 2.83
I-1 0-2 cm 6.89 0.53 40.15 1.04 48.70 0.47 104.02 6.64 54.68 2.65 76.06 2.98 150.21 11.01 128.04 4.41 608.74 2.18
I-1 2-4 cm 8.66 1.00 44.23 2.92 41.95 2.27 120.16 4.40 53.62 2.88 177.74 8.61 273.25 12.22 128.32 0.63 847.93 33.66
I-1 4-6 cm 8.29 0.67 42.58 0.31 24.90 0.22 111.70 2.48 45.48 1.31 215.49 9.88 262.87 9.40 63.24 10.57 774.55 8.67
I-1 6-8 cm 15.40 0.59 49.61 0.29 20.81 0.18 53.54 3.26 31.17 1.18 74.79 2.47 142.63 9.62 27.43 0.80 415.39 7.38
I-1 8-10 cm 17.28 1.24 52.61 1.65 22.65 1.42 50.75 0.66 29.27 0.48 66.77 8.38 144.94 2.58 25.18 0.30 409.44 11.53
I-3 0-2 cm 6.16 0.05 44.21 1.31 45.76 1.82 145.63 7.22 58.58 2.27 146.33 6.46 241.48 9.70 112.19 0.19 800.35 28.64
I-3 2-4 cm 6.27 0.04 37.21 0.29 53.30 0.53 126.21 0.95 55.11 1.18 112.29 3.04 257.23 0.50 158.90 0.36 806.52 4.26
I-3 4-6 cm 7.14 0.40 47.13 3.31 62.24 3.44 112.88 8.25 74.81 3.96 82.65 5.40 363.87 23.40 156.76 0.44 907.49 48.60
I-3 6-8 cm 6.16 0.19 42.86 1.80 43.64 2.38 92.24 2.63 77.84 3.62 69.79 0.44 280.65 7.95 151.85 0.31 765.03 19.32
I-3 8-10 cm 6.34 0.21 66.16 2.85 36.04 1.13 115.32 3.49 86.41 3.04 81.40 1.69 227.63 50.61 135.98 0.20 755.28 38.00
I-5 0-2 cm 5.93 0.12 47.11 1.56 49.32 0.15 222.23 14.60 54.37 2.07 223.76 8.08 254.50 7.92 93.61 0.22 950.82 34.28
I-5 2-4 cm 6.10 0.03 39.07 0.55 39.71 0.73 128.37 4.74 41.07 0.87 143.04 5.15 206.57 5.06 92.24 0.20 696.17 16.91
I-5 4-6 cm 8.20 0.30 58.38 1.50 42.29 0.69 161.08 5.85 52.23 0.97 147.14 3.79 255.21 5.68 94.40 0.56 818.94 17.96
I-5 6-8 cm 6.10 0.21 40.03 0.65 20.74 1.92 57.81 0.51 30.23 0.07 47.80 0.42 145.51 1.14 44.38 0.36 392.59 3.30
I-5 8-10 cm 9.55 0.20 58.63 1.70 22.78 0.75 79.24 1.79 39.91 0.95 67.39 1.56 165.87 2.89 54.48 0.66 497.85 9.19
L-1 0-2 cm 5.42 0.33 56.35 1.60 32.16 N/A 115.21 9.43 67.42 2.92 62.74 3.06 194.68 0.18 109.48 4.54 643.47 12.77
L-1 2-4 cm 5.45 0.13 38.61 2.69 47.06 N/A 130.10 7.01 84.91 0.15 75.20 5.92 202.76 5.35 138.75 9.70 722.85 39.89
L-1 4-6 cm 6.25 0.41 46.42 1.76 48.67 N/A 162.10 2.36 60.45 2.45 95.07 0.16 222.85 0.81 121.69 14.59 763.50 34.82
L-1 6-8 cm 5.15 1.06 33.32 2.34 39.62 N/A 107.95 2.78 60.50 3.43 71.89 5.11 249.69 38.06 129.01 5.90 697.14 72.93
L-1 8-10 cm 6.85 0.69 34.36 1.01 36.56 N/A 89.21 6.53 51.35 4.82 87.04 13.77 345.17 31.66 106.60 6.22 757.13 32.74
L-3 0-2 cm 3.30 IND 28.09 IND 41.07 IND 142.39 IND 39.08 IND 187.72 IND 195.47 IND 72.16 IND 709.28 IND
L-3 2-4 cm 4.27 0.17 62.72 2.49 34.44 2.25 112.03 8.98 95.53 9.52 89.76 4.14 229.83 12.63 118.18 3.81 746.76 36.37
L-3 4-6 cm 4.28 0.15 112.49 2.64 25.96 1.39 104.70 4.65 113.81 3.60 58.83 1.68 182.47 3.20 115.90 5.98 718.42 8.56
L-3 6-8 cm 3.89 0.13 136.72 6.38 23.33 1.87 104.42 1.05 141.78 8.50 46.98 0.62 170.02 0.71 127.95 0.96 755.09 16.87
L-3 8-10 cm 3.69 0.03 141.67 6.35 22.98 0.03 96.24 5.07 124.22 2.06 29.50 1.12 133.08 5.86 135.53 3.34 686.92 14.93
L-5(#1) 0-2 cm N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
L-5(#1) 2-4 cm 5.91 0.07 43.71 0.03 36.86 0.34 138.21 0.57 66.95 0.09 98.42 4.14 208.23 1.00 122.20 1.43 720.49 3.35
L-5(#1) 4-6 cm 5.25 0.06 129.84 1.82 23.52 0.01 120.69 2.36 142.32 1.21 54.13 1.26 259.69 0.01 174.65 0.11 910.09 1.89
L-5(#1) 6-8 cm 6.79 0.12 100.27 1.70 27.12 0.66 138.77 3.19 110.11 1.61 64.82 0.87 234.93 0.47 162.00 0.39 844.82 4.04
L-5(#1) 8-10 cm 6.47 0.17 114.74 4.52 23.92 2.49 114.43 7.64 123.97 1.77 51.89 2.60 228.46 2.91 169.21 0.16 833.09 12.08
L-5(#2) 0-2 cm 6.03 IND 31.31 IND 64.92 IND 209.23 IND 55.31 IND 114.04 IND 228.61 IND 0.00 IND 709.45 IND
L-5(#2) 2-4 cm 5.17 0.10 33.38 0.51 54.39 2.47 157.70 7.91 63.98 0.12 99.65 0.34 235.15 3.27 153.59 1.40 803.02 15.11
L-5(#2) 4-6 cm 5.55 0.17 38.17 0.97 39.15 2.19 134.82 5.32 55.70 1.19 90.62 0.44 250.51 3.25 108.94 0.65 723.47 11.99
L-5(#2) 6-8 cm 7.44 0.23 44.66 1.48 32.28 0.59 120.77 5.15 52.16 0.30 98.84 1.09 249.22 4.41 100.26 0.76 705.62 12.49
L-5(#2) 8-10 cm 9.48 0.01 44.57 0.15 19.40 1.07 61.45 1.53 32.76 0.19 59.09 5.86 189.27 5.05 48.57 0.03 464.59 11.72
